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PREFACE 

The present work is the development of a course of lectures 
and laboratory notes, which have been used for some years by 
students in mimeographed form. The equivalent of one year 
of general physics and some knowledge of the calculus are 
presupposed; hence the arrangement and treatment are not 
always that which would be followed with a class of beginners. 
Much of the material has been arranged from lecture notes, 
and the standard textbooks and treatises have been freely 
drawn upon. Most of the laboratory exercises are described 
in such a way that particular types of apparatus are not de- 
manded, unless these are well known and generally available. 

The methods described are for the most part standard ones, 
with such variations as many years of trial, and suggestions 
from various instructors associated with the course have shown 
to be of value. To no one individual can the credit be ascribed 
for the present form of the book, as it has had the advan- 
tageous criticism of numerous instructors of varied degrees 
of experience. 

In some instances, quantities have been mentioned before 
they have been formally defined. This practice seems defensible 
from two standpoints. Usually, the term employed is one 
which the student may be expected to recognize from his pre- 
vious work in general physics. Again, it is sometimes well to 
direct the attention of the student to a term or an expression 
hrfore it is defined, so that the definition, when it is given, will 
satisfy an aroused interest. 

The articles on dimensional equations should be made use 
of as occasion may arise, and in any event not until the appro- 
priate chapters have been reached. 
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vi PREFACE 

In general the student should be reiiuired, in every labora^ 
tory exercise, to state the percentage of accuracy of his read- 
ings, and to note the influence of the errors, singly or combined, 
in the final result. 

The author's thanks are due to Mr. G. W, Sherman, who 
has made the drawings for tbe book and who has read the 
entire manuscript ; also to Mr. A. F. Wagner and Mr. C. G. 
Watson for many helpful suggestions throughout the prepara- 
tion of the book, and to the Leeds and Northrup Company for 
permission to use cuts of their apparatus. 

C. M. SMITH. 
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ELECTRIC AKD MAGNETIC 
MEASUREMENTS 

INTRODUCTION 
Part I. Labokatoby Method9 

1. Treatment of Errors in Laboratory Work. In everyday 
life it is not; nncommoD to hear positive statemeata as to the 
aeeutacy of frequently measured magnitudes, such as mass or 
lei^th, although every one knowa that instruments of increased 
precision would show more or less important deviations from 
the stated values. In accurate scientific trork, the ideal is to 
make measurements which shall be without enor. This ideal 
is not attainable, however, and the methods chosen, as well 
as the values observed, must be studied carefully in order to 
determine the most probable value of the quantity which is 
being measured. In every measurement attention must be 
paid to all the conditions which may affect the correctness of 
the value sought, and an estimate must be made of the reliabil- 
ity, or probable precision, or trustworthiness, of the final 
result. 

Let us suppose that a galvanometer deflection of 8.55 cm. 
ia observed, and let ns assume that a careful estimate of the 
probable precision of the measurements leads to the conclusion 
that the observer can be sure of a single reading to within 
0.02 cm. The deflection will be recorded in the form 
d = 8.55 ±0.02 cm., 
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which means that the recorded result will not be in error by 
more than 0.23 ^c- 

Errors of various kinds arise in making measurements, the 
most important of which are the following : 

Errors of observation, due to lack of ability on the part of 
the observer to make accurate readings. 

Simple mistakes, which grow less troublesome as the observer 
gains in training and experience. 

InstTumenlat errois, due to incorrect calibration of scales or 
to faulty adjustment of comparison standards. 

Systematic enors, due to defects in the method used. 

It is readily seen that the effect of errors of observation is 
reduced by taking the average of a great mauy measurements, 
in which the chance that some readings are too large is offset 
by the chance that others are too small. Apparatus of a higher 
grade, more carefully made and calibrated, is important for the 
elimination of instrumental errors, while repeating the experi- 
ment by independent methods reduces the systematic errors. 

2. Laboratory Methods. In order to accomplish results in 
the laboratory it is of fundamental impoi-tance first to under- 
stand thoroughly what is to be done, and then to proceed in a 
systematic manner to do it. 

In general, formulas and circuit diagrams should not be 
memorized, but instead they should be reproduced as the 
result of careful study and logical thought. The student 
should be able, before performing the experiment, to derive 
the formulas and to draw the circuits. This should be the 
outcome of a thorough understanding of the argument of the 
problem, however, rather than definite acts of memory. 

The following points should be carefully observed : 

(1) Make sure that you know fully the purpose and the 
theory of the experiment, including the meaning of all the 
leading terms. 
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S2] LABORATORY METHODS 3 

(2) Be sure that you know precisely what data are to be 
secured. 

(3) Prepare in advance a schedule or program according to 
which the observations will be taken, and make a ruled table 
with headings for the record. This makes it unlikely that any 
step will be omitted, and furnishes a check that the necessary 
data are in hand. 

(4) Secure a laboratory notebook or observation journal of a 
convenient size, preferably permanently bound, and keep it 
exclusively for this course, dating each set of entries. 

(6) Frequently in ei^ineerii^ practice, one person takes the 
observations and another person reduces and discusses them, 
perhaps in a distant city, and after a considerable interval of 
time. This renders it imperative to make a set of observa- 
tional data complete in itself, perfectly clear and readable and 
with explanatory notes suf&ciently copious so that the influ- 
ence of the experimental environment may be fully grasped. 
The student should keep this in mind, no matter how simple 
may be the problem assigned him. 

(6) Scrutinize the conditions under which the observations 
are taken and state as a part of the original data the probable 
precision of the single readii^s or measurements. 

(7) Proceed systematically in making the required adjust- 
menta. The student will be greatly aided in this work by 
arranging the circuits in a neat and orderly manner, always 
avoiding a tangled set of connecting wires. 

Always sketch out in the observation journal the precise cir- 
cuit as it was used, before it is disconnected. 

(8) The report should contain the following subdivisions : 

(a) A brief statement of the purpose of the experiment. 

(6) A list of the apparatus used. Each piece used should he listed, 
together with the maker's came and the number, for purposeB of identi- 
fication, and such pieces as are of special design, or at eicepttODal interest 
ia an; way, ahouid be described. 
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(c) A brief aoalysis of the entire procednre, wbict) will include a con- 
ciM review of the whole problem, the pbyeical princlpteH iuvotreil, and 
tbe lundameutAl definitions, 

(d) A brief Btatement of the EictUEi) et«pB of the manipulation. 
(«) AUbleofdata. 

{/) Any formulas used, together with the meaning of eaoh symbol, 
and a sample calculation. The deriration of the formula is usually neces- 
sary In order to make a clear statement of the problem as required under 
(c) above. 

(H) A statement of tbe degree of precision attained in the observations 
and in the final result. 

(h) Do not omit tbe units In which the result, and any other impor- 
tant quantities, are expressed. 

(f) Give any necessary dlscussioa of the results and answer any ques- 
tions asked in tbe text, or by the instructor. 

(9) Precautions. Bear in mind tliat the apparatus used in 
the electrical laboratory is expensive and essentially delicate. 
Handle each piece with the utmost care, and report promptly 
any accidents which may occur. Iq using electrical measuring 
instruments proceed with caution. TTse the lowest shunt first, 
or the highest series resistance, or the scale of greatest range, 
in order to avoid currents too large for the apparatus. In 
general the circuit should be looked over and approved by an 
instructor before &nal' connections are made. The connection 
to the source of power should always be the last one made, 
and this should be done cautiously. The importance of good 
contacts must not be overlooked. The ends of connecting 
wires must be scraped clean and joined under pressure with 
double connectors or in binding posts, never by loosely twist- 
ing them together with the fingers. 

Ordinarily tap keys and small switches are only intended 
for use with feeble currents and with small differences of 
potential. Sparking and consequent oxidation of the contact 
points will result from the use of keys or switches with cur- 
rents which are beyond their intended capacity. 
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Part II. Fundamental Definitions and Units 

3. Fundamental Concepts and Definitions. The three 
quantitiea upon which most of the fuadamental relations of 
electiic measuTement are based are magnetic pole strength, 
magnetic field strei^th, and current strength. 

The unit of magnetic pole strength is that strei^h of pole 
vhich will repel a similar pole of equal strength at a distance 
of one centimeter, in air, with a force of one dyne. 

The unit of magnetic field strength is that field in which the 
unit pole is acted on by a force of one dyne. 

A magnetic field is always specified in terms of its effect on 
the unit pole. The direction of the field is the direction in 
which the free north-seeking pole will move, and its intensity 
is measured by the force which acts upon a unit pole placed 
in the field. 

"When a magnetic pole of strength m units is placed in a 
field of strength IT units, the force F, in dynes, acting on the 
pole is given by the formula 

F= tnH djaes. 

The unit of current strength, in the electromagnetic system, 
is that current which, flowing through a conductor placed 
normal to the field, will experience a side thrust of one dyne 
for each centimeter of its length. 

Direction of the magnetic field. The direction of the mag- 
netic field about a straight wire carrying a current is clockwise 
as one looks along the wire in the direction of the current. 
In a circular loop or solenoid the current is clockwise to an 
observer looking along the axis in the direction of the field. 

Reactions between magnetic fields. It is often convenient 
to regard magnetic fields as composed of discrete lines of force. 
According to this conception the following rules for aiding 
the memory are useful. 

Two ma^etic fields when superposed can develop force 
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actions between themselves only Vhen they have components 
which are parallel. If such parallel componenta are in the 
same direction, the fields will repel one another, and If in 
opposite directions, they will attract one another. In repre- 
senting these fields on paper, the plane of the paper must con- 
tain these parallel components. 

Current uniform over any cross- sectiorL A steady current 
which is maintained through a circuit of constant resistance 
by means of an electromotive force has the same value through- 
out the entire circuit. There cannot be any increase or de- 
crease of current strength in one portion of the circuit as 
compared with any other portion. 

Ohm's law expresses the relation which exists between the 
three fundamental quantities, current strength /, electromotive 
force or potential difference E, and resistance R. It may be 
written in any one of three ways ; 

(1) 

(2) 
(3) 

Two cases of the application of this law will be considered : 
first, when the entire circuit is taken into account, and second, 
when only a portion of the circuit is concerned. 

(1) If the entire circuit is considered, the value of E in the 
above equations must be the maximum potential difference, 
or the E. M. Y. of the generator. If more than one generator 
is in the same circuit, E will be the algebraic sum of all the 
separate electromotive forces. Similarly, R must be the sum 
of all the resistances in the circuit, including the internal re- 
sistance of the generator, or of all the generators, if there is more 
than one. For this case, the law will be written in the form 



J= 




E = 


IB. 


R = 


^. 



(4) 






b,Googlc 



5 4] DEFINITIONS AND UNITS 7 

(2) If a limited portion of a circuit is considered, in which 
there is no generator, the value of E in the above equations is 
the potential difference impressed across 
the terminals of the constant resistance B — ~^\/v^^ 

Any variation in the potential difference 
is accompanied by a corresponding variation in the current 
strength, and the ratio E/I is constant, and always equal to S. 

Potential drop. The product of the resistance of any part 
of a circuit, by the current flowing in that part, equation (2) 
above, is called the potential drop, the fall of potential, or the 
IR drop. The algebraic sum of all such products taken around 
the entire circuit is then equal to the effective or resultant 
E. M. F, in the circuit. 

Series and parallel combinations of resistance. When sev- 
eral resistances of values r„ r„ r, — are connected in series, 
the equivalent resistance of the group is given by the formula 
B = r, + rj + r,.... 

When several resistances of values r„ r„ r, — are connected 
in parallel, or in multiple, the equivalent resistance of the 
group is given by the formula 

i = i+l + i„.. 

4. Estabiisbmeot of Electric Units. For measurements 
of length, mass, and time, the absolute units of the C. G. S. 
system are of convenient magnitudes. However, the electro- 
magnetic units derived from these are much too large or too ■ 
small for practical uses. During the early development of 
electric theory the units were in a confused state, frequently 
with different values for units of the same name. 

Several international conferences, with the leading physicists 
and engineers of the world as delegates, were called from time 
to time. At the International Electrical Congress, held in 
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Chicago in 1893, formal definitions for the principal electric 
units* were adopted, and the numerical magnitudes of the 
ohm, Tolt, and ampere were fixed. Ail of these units were 
designated as the International Units. These unita were made 
legal in the United States in January, 1894. Since that time 
slight changes have been recommended by the International 
Conference at London in 1908, and by its authorized commit- 
tee." The units as adopted by this Conference are defined below. 

6. Fundamental Electric Units. The ohm is the unit of 
resistance, which has the value of 10* in terms of the centi- 
meter and the second. 

The ampere is the unit of current strength, which has the 
value of 10~' in terms of the centimeter, gram, and second. 

The volt is the unit of electromotive force, which has the 
value of IC in terms of the centimeter, gram, and second. 

The watt is the unit of power, which baa the value of 10' in 
terms of the centimeter, gram, and second. 

6. 'Die Intematioofll Electric Units. In order to repre- 
sent these fundamental units practically for purposes of 
actual measurement, and as a basis for legislation, the Confer- 
ence recommended the adoption of the International Units, 
defined as follows : ' 

The international ohm is the resistance offered to an un- 
varying electric current by a column of mercury* at the tem- 
perature of melting ice, 14.4521 grams in mass, of a con- 
stant cross-sectional area, and of a length of 103.300 oenti- 



1 The volt, nmpeTB, ohm, coulomb, farad, benry, Joale, and watt, 
' Fbr details of this Contereace see: Lohdoh ELKCTRicit.N, Vol.62, 
1908-09, p. 104. U. S. BuRBLAU OP Stakdakdb: (o) Circular No. 29, 
(6) Miscellaneous pnblicaliops. Report of the International Committee on 
Eleclricnl Units and Standardi. 

* U. 8. BcBBAti OF Standards, Circalar Ifo. 29, 

* For exact speciBcatlous see Report of the Loiufon Can/erence, London 
Eleciriciak, Vol. 62, 1SO»-09. 
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The international ampere is the unTaryiiig electric current 
which, when passed through a solution of silver nitrate in 
water,' deposits silver at the rate of 0.00111800 gram per 
second. 

The iniernational volt is the electric pressure which, when 
steadily applied to a conductor the resistance of which is one 
international ohm, will produce a current of one international 
ampere. 

The intertiational watt is the energy expended per second 
by an unvarying electric current of one international ampere, 
under an electric pressure of one international volt. 

Based upon the foregoing, the following international units 
are readily defined. 

The joule, equivalent to Iff C. G-. S. units, is the work done 
when one ampere flows for one second, under an electric 
pressure of one volt. 

The coulomb, equivalent to 10"' C. G. 8. units, is the quan- 
tity of electricity transferred by a current of one ampere in 
one second. 

The farad, equivalent to 10"* C. G. S. units, is the capacity 
of a condenser which is chafed to a potential of one volt by 
one coulomb. 

The henry, equivalent to 10" C. G. S. units, is the inductance 
of a circuit in which an E. M. F. of one volt is established by 
a current varying at the rate of one ampere per second. 

In addition to the above units, there were adopted by the 
International Convention of Electrical Engineers at Paris in 
1900 the following : 

The maxwell, equivalent to one C. G. S. line of force, is the 
unit of magnetic flux. 

The gauss, equivalent to one maxwell per sqnare centi- 
meter, is the unit of magnetic flux density. 

> For exact spedflcatioDa see Rfporl of fA« Ifii^on Co^ftrtnix, Loiri>oH 
ELEcrBiCiAN, Vol. 62, 190e-09. 
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Part III. Dimensions and Dimensional Formulas 

7. Units and Dimensions, in order U> define any pbysicta 
quantity, there must be given (a) & unit and (6) & numerical cot^fficient 
which shows bow mnoj times the unit is repeated. This is clearly seen 
Id the eipreBSioii of such quantities ae 10 pounds, or 30 miles per hour. 

It has been found ttiat nearly all of the units used in physics can be 
referred baclc to, and expressed in terms of, three fundamental units, 
length, mass, and time. The pouier$ to which these fundamental units 
are severally Talked in the formula for an; derived unit are called the 
d^Ktaions of that unit. For example, an area is the square of a length, 
hence the dimeniion of area is 2 as regards length. Similarly, a volume 
has the dimension 3 in length, while a velocity has the dimen^on 1 in 
length and —1 in time. 

In writing the dimensions of units attention must be paid to the de- 
fining equation of the quantities ooncemed. In the table below, the 
dimensions of a few units are given, together witb the defining equations 
of the quantities. 



QD.HTIIY 


D.™„...™.. 


»,™,.„ 


Area 

Volume ....... 

Velocity 

Acceleration 

Force 

Work 

Power 


a "-' 

j) = ^ 


ILT-'l 



The expres^ons in the third column are called dimaaional formutas, 

and it is customary to represent the three fundamental units by capital 
letters, and to enclose the entire group in square brackets, using negative 
coefBoients where units enter into the denominator of the defining equa- 
tions. These formulas indicate how the units of the vadous quantities 
involve the three fundamental units In terms of which they are defined, 
without any reference whatever to the numerical coefBcients which may 
be associated with them. These numerical coefScient9 may be either the 
nnmbera which represent the multiples of the units used, or they may be 
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qoiintities like t, or the trigoaometric functions. In any case Hoch numer- 
ical coefficieDtB have no dimenMoiiB, and do not enter into dimenHional 
formulas. 

8. Dimensional Equations. An equation signifles tliat tbe 
quantities connected by the sign of equality must l>e alike in kind, ts 
well as identical in magnitude. The actual numbers substituted In for- 
mulas in making computatioua are the numerical coefScJents, Init all 
equations moat be carefuUy examined in order to aaeeitoin nhettier the 
dimensions of the units on both sides of the equation are Identical. Such 
equations with their various qualities exprewed in tenus of dimen^ons, 
aa shown above, are called di 



9. Uses of the Theoiy of Dimensions. The study of the 

dimensions of physical quantities is useful in three ways : 

(1) To check formalag. The dimensional fonnulas may be used to 
determine whether an equation is homogeneous with respect to the funda- 
mental units involved in it. 

Consider the familiar equation 

where x is the distance passed over in ( se 
speed «o, and a constant acceleration a 
becomes [L] = [Lr-"r]-H[L7'-=r»]. 

It is seen that z is the sum of two lengths. Indeed, quantitlee of 
different kinds would have no meaning If added in this way. 
Again, the equation for the period of a simple pendulum is 



4- 



T=2r- 

Written with regard to dimensions only, this becomes 

or [r] = [r]. 

In these examples it appears that every term in any one of the equa- 
tions has the same dimensions. If this were not so, it would be proof 
that there was some error in the formula. 

Dimensional equations do not check the correctness o{ the numerical 
work in computing ; they only show whether the reasoning baa been 
correct with regard to the fundamental units involve.1. This may be 
further illustrated by applying dimensions to the distinction tietween 
mass and weight, which are frequently used incorrectly by the student. 
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Weiglit is a force and henca haa tbe dimensions {JXLT-*], while maaa 
is itself a fundamental unit with dimension [Jf ]. 

(2) To designate unnamed unit*. It is frequently coDvenieat M use 
the fundamental units aa thej' appear in the dimen^onal formulas when 
no name bas otherwise been Riven to a unit. Ilius, tbe nait of apeed is 
given as foot/second or centimeter/second ; the unit of acceleration is 
foot/second' or centimeWr/aecond* ; the unit of moment of inertia as 
gnm-cenUmeiei^ or pound-foot'. 

(S) To find Ike nea value of (he nunuirical ro^lRcfent W^n the rgiitem 
ofunlt» is changed. U ni is the numerical coefBcient of a given quantity 
whose unit is q\, and if og is the numerical coefflcient of the same qnan- 
tity when expressed in terms of another unit qt, then 

ni9i = %9! 



For example, if the quantity 10 ponnds is to be expressed In terms of 

the gram as a unit, then ri equals the product of ni by the ratio of the 
pound to the gram, and 

m = 10 X 463.6. 

As another example of the usefulnesB of the method, we may find what 
number will represent 33,000 foot-pounds per minute when C. G. S. units 
»ie used. The numlier 33,000 must first be reduced to the equivalent 
number of absolute units in tbe F. P. 8. system or 

'V^ X 32.1 = 650 X 32.1 foot-poundals per second. 
Then 

ni[jtfiiisri-']= nj[jfii,"ri-«], 

ni[(gram)(centimeter)*{second)-']=ni[{pound)(foot)'(8econd)-'], 

B, = 660xS2-irfEgBgd\/ foot y/gecondWl 
LVgram /\centimctcr/ Vsecond/ J 

», = 650x82.1[453.6x (30.6)=] = 746+ x 10' ei^ per second. 

10. Dimensions of Electric Units. There are two systems 
of electric units, the etectrostatie and the dectromagn^c, based, respec- 
tively, on the unit charge and the unit magnetic pole. 

Eleetrie charge. Tbe fundamental equation in tbe electrostatic system 
which expresses the force action between two electric charges ^i and q^, 
at a distance apart r, is given by 
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Id this equation kla& congUnt which depends upon the medium. The 
dfmensioaal formula for charge 1b derived in the toUowing way. From 
the alwve equation 

QiQt = -Tot*, 
g=[(«r)*r], 

Magnetic pole ^rengOi. The fund&meutftl equation in tbe electromag- 
netic ^Btem which expresses tbe force action between two magnetic 
polea, mi and nit, at a diatanoe apart r, ta glyen by 



In tliiB equation /i is a constant which depends upon the medium. The 
dimensional formula for magnetic pole strength la derived in a manner 
similar to that for charge : 

mimi = Fitt^, 

nt=[CJIfir-»)*/i*i], 
nt = [Jf*L'r-V*]- 

In the above equations for charge and magnetic pole strength it Is 
difficult h> understand the significance of the fractional exponents. 
Under tbe usual assumption that k and n are lioth unit; it appears that 
the dimensions of m and q ar« the same, which could only mean that 
tbejr are dimensionally identical. This seems peculiar, and the eipla- 
natJOQ of the apparent absurdil; lies in the fact that belli k and n may 
themselves posHess dimensions. But since we do not know the precise 
mechanics of the electroslAtic and magnetic phenomena of the ether, we 
cannot write- the dimensional formulas of these quantities. If we could 
do BO, the fractional exponents might be rationalized. Valuable theo- 
retical results follow from the use of the equatiane containing k and n, 
but tbe usefalness t\t the method, so far as the Immediate applications of 
dimensions are concerned, is not impaired by omitting them. The re- 
maining eqaatJons will be derived on the assumption that the phenomena 
talM place in air. In which case k and n are taken as equal to unity. The 
dimensions of electric quantiUea based on the electrostatic Hyatem will 
not be considered further. 
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11. The Electromagnetic Sjrstem. in deriving the dimensioaal 
formulas based on tbe electromagnetic ajsiem of units, the starliDg point 
is always tbe force action associated with the unit magnatic pole. 

Magnttk Jidd alrengOu When a magnetic pole of strengtb m ia placed 
Id a magnetic field of etteugtb H, the force action is given b; 
FsmE 



ttte dimensional formula for this ia 

H= - ^^^ - = [ifii'lr-i]. 

JfOjrnftK fiwc. Magnetic flux is the product of field atiengtb by the 
uea of croaa-aection, taken at right angles to the field, or 

•ti = Ba. 
Hence its dimensions are 

EleeMe atrratt. In deriving the dimensional formula for any qnantity, 
any defining equation may be used, bo long as the dimensions of att of its 
involved units are known, except the one to be derived. In the case of 
current, ive may start with the force on a. conductor of length I, placed at 
right angles to a magnetic field of strength H, and carrying a current of 
atrength i. 

FsiHl 

<-*■ 

llie dlmenaiona of current are then 

i=[ji/L7'-»3f"ii*ri-']=[jfWr-"]. 

Quantity uf Actricity. The quantity of electricity which pasaes through 
a circuit with a constant current t, in time (, is given by 

g = «. 

Its dimenaions are 

Pottntuil diffatnet. The difference of potential between two points la 
measured by the ratio of the work done to the charge carried, or 



Its dimenedons are 

F=tMwr-«jif*i"^]=[jtf*i''r-*]. 
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Re^xtanet. Beeistance may be defined from Olun'a Uw, i 

Barrant and potential difference ; 



Ited 

«=[jf^i*r-=jf*i"*ri]=[ir-i]. 

laAietanee. Inductance maj be defined in terms of the nnmber of 

liDklngHpernnit cnirent, where ^ is given by the product of the magnetio 
flux by the number of wire turns : 

r — i[— 5^ — "-ff" 

~ i ~ i ~ i 

where a is the area of the cross-section. 

Since n Is a pure nnmber it need not be farther regarded, and tlie 
dlmentdonal formula of inductance la 

L^iJU^L'^T-^ ■ L' ■ 3i~iL~^T]=ilL-]. 

Capadtg. The charge in a condenser Is given by the product of the 
capacity by the charging potential difference, whence 

Its dimensions are 

c=[af*i*jif"*i~*r>]=[i-ir»]. 

The student Is not advised to attempt to memorize dimensional formu- 
las. The deflDing equations will be familiar, however, and from these the 
dimensional formnlas for all the important quantities can readily be 
derived. 

EXERCISES 

1. Find the number of joules equivalent to 100 foot-pounds. 

1. A mass of 100 lb. moves with a speed of 500 ft. per second. Find 
ite hinetic energy in foot-pounds, also in kilogram-meters. 

S. Derive the dimensional formula for inductance from the intrinsic 
energy equation. 

<. Check the correctness of the Helmboltz equation by means of 
dimenBions. 

S. Derive the dimensional formula for leslBtance from Joule's law. 

S. Derive the dimensional formula for potential difference from the 
Faraday equation. 
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Pabt IV. Miscellaneous Inpoemation 

12. Prefixes. Certain prefixes are so frequently used in 
scientific work that they should be quite familiar. The more 
common ones with their n 



meg- or megar 


one mUlion 


kilo- 


one thousand 


hekto- 


one hundred 


dekar 


ten 


deci- 


one tenth 


centi- 


one hundredth 


mUli- 


one thousandth 


micro- 


one mUIionth 



13. Keys and Switches. It is frequently desirable in 
electric work to open or close a circuit quickly, or to change 
the connections between circuits rapidly, without the delay or in- 
convenience of adjusting wires in binding posts. Various forms 
of keys and switches are used for this 
« [ I ■■ ^*r d purpose. The simple tap key is shown 

j_j „ in Fig. 2. A leaf spring is held rigidly 

at e on a base b, and is provided with 
a platinum pin at d, which may be brought into contact with 
a platinum surface beneath it when the finger is pressed on 
the knob c. If the lower contact and the spring at e are con- 
nected to a pair of binding posts which are in turn connected 
to any circuit, the current may be interrupted or established 
as desired. Platinum contacts are necessary in order to pre- 
vent oxidation. Such keys are intended for use with feeble 
currents and low voltage only. 

A switch is any device for making, breaking, or changing the 
connections in an electric circuit. A single-pole, single-throw 
switch is shown in Fig, 3, and iu any given case one will be 
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chosen of sufficient size to carry safely the current required. 
An arrangement of two such switches on the same baae, with 
their movable blades rigidly connected 
by an insulating bar, is called a double- 
pole, single-throw switch. lI'F' ' Q 

If the blades are so arranged that p,g 3 

they may be thrown clear over, and 
- made to ei^age jaws on the opposite side of the rocking point, 
it is called a double-pole, double-throw switch. A plan view 
of such a device is shown in Fig. 4, By 
throwing over the switch blades pivoted at 
cd, the circuit attached to the terminals cd 
may be connected to either of two other 
circuits connected respectively at ab or ef. 
connections between the terminal posts as 
a circuit 



By putting 

shown in Fig. 6, the current 

connected at ef may be reversed through 

the circuit cd by throwing the switch 

blades from one extreme position to the 

other. 
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GALVAKOMETBKS 

Pabt I. Geserax Types and tHABACTEBisTics 

14. Qassificatiai of bistntments. Ne&rlv all methods of 
electric or magnetic testing require the measnremeDt of one 
or more of three quantities, eurrent strength, potential diSer- 
ence, or charge, Fieijuently, however, the problem in hand 
reqoiiea only th&t the preseure or absence of current, potential 
difference, or charge, be shown. In general, essentially the 
same instmment, with certain modifications, may be used 
either to detect the existence of one of these qoantities or to 
measure its ni^nitude. 

An instrument for simply indiouting the absence of a 
current in a circuit is called a <fe(«ctor or &n btdicmtiitg gdl- 



When used to measure current strength, it is called a 
cvrrenf g^vattometer, or simply a galomnomtleT, When pro- 
vided with a scale graduated to read amperes, it becomes 



When arranged to measure a [M»tential difference, it is called 
a fotenti^ gtivmometer, and if prorided with a scale gradu- 
ated to read volts, a voltmeter. 

If ananged to measure quantity, it is called a boKixtic galva- 



In geneial, the term galranomfler is reserved for a class of 
instnunents used for either measuring or indicatu^ lelatiTely 
feeUe corrents by means of their magnetic effect 
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16. Galvanometer Types. Many instrumeatB of different 

kinds have been designed for the purpose just mentioned. 
Most of them depend upon force actions between magnetic 
fields. Whatever the scale of the instrument reads, or what- 
ever the quantity to be measured, the observed effect is really 
dne to a feeble current flowing through fixed or movable eoila, 
in the neighborhood of movable or fixed magnets or other 
coils. The observed motion results from the attraction and 
repulsion of the magnetic fields. One member of the system 
must be free to move about its supports. Two types are 
common, the suspended-needle type and the suspended-coil 
type. 

In the Ki^iendedrTteedle type, a magnetic needle is freely sus- 
pended by a light fiber of silk or quartz at the center of a coil 
of wire through which the current flows. The field about this 
coil tends to set the needle parallel to itself, and any motion 
of the suspended system may be observed directly, or more 
accurately by means of a beam of light reflected from a small 
mirror fastened to the moving part. It is possible to so 
design the parts that the deflections are very nearly propor- 
tional to the currents passing through the coils. 

In the guspended-coil type, a permanent magnet is fixed in 
position, and between its poles a coil of wire through which 
the current is to pass is hung by a thin ribbon of phosphor 
bronze or steel. A hells of similar material attached to the 
bottom of the coil serves as a flexible connection with one of 
the coil terminals, the other being attached to the upper 
suspension strip. 

16. Torque. Any rotation of the movable parts of the in- 
strument is dne to a torque or turning moment applied to it. 
Figures 6 and 8, pages 20 and 22, show respectively how the 
reaction of the magnetic fields causes the torque in each of the 
two types. 
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For the suspended-needle type (Fig. 6) imagine a single 
circular loop of wire, whose plane lies in the magnetic merid- 
ian NS, and which is perpendicular to the plane of the paper 
intersecting this plane in A and B. If a current is flowing 
clockwise in this loop as seen from the right-hand aide, the 




lines of force will be shown by the arrowheads about A and 
B, giving a resultant field FF at the center of the coil. A 
magnetic needle originally in the position ns will be deflected 
through an angle 6 to n'a', at which position the moment of 
the deflecting couple is just compensated by the moment of 
the restoring couple. Assume the strength of pole of the 
needle to be wi units. It will then be acted upon by the field 
F with a force of Fm dynes. Simila'rly, the south pole is 
acted upon by an equal and opposite force. This pair of 
equal, parallel, and oppositely directed forces, not in the same 
line, constitutes a force couple, the moment of which is given 
by the product of one force I)y the perpendicular distance 



b,Googlc 



I, S 16] TYPES AND CHARACTERISTICS 



21 



between the lines of action. The moment of this deflecting 
couple is 

(1) L=Fml cos $. 

This couple will deflect the needle until its effect ia overcome 
by the influence of the magnetic field (H) in which it swings, 
which exerts a force of Hm dynes on each pole. These two 
restoring forces constitute a force couple of which the mo- 
ment is 

(2) L = Smi sin $. 

It will be shown in Chapter IV that the magnetic field is 
directly proportional to the strength of current in the coils. 
The magnetic field H is the resultant field due to the horizon- 
tal component of the earth's field, together with that of any 
control magnet which may be in use with the galvanometer. 
Strictly, the torsion of the suspension fiber is also acting 
against the deflecting couple, but effort is made to reduce this 



B 



U 



T 



to a small value by proper selection of the fiber. It is con- 
sidered only in precise work of a certain kind. 

For the suspended-coil type imagine the current to be flowing 
down in the right-hand side of the rectangular coil as shown 
in Fig. 7. A cross-aection of Fig. 7 through AB is shown in 
Fig. 8, page 22, the current flowing away from the reader at a, 
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method has led to the developmeat of a conveiueiit and self- 
contained box of coils, deeded to yield results with a mini- 
mum of time and labor. Such a set is shown in Fig. 33 and 




includes in a single case all those parts of the circoit in 
Fig. 32 which are above JW and XX, exclusive of the 
galvanometer. 

In the group of coils under switch x 100, there are twenty 
coils of 100 ohms each, ten in each semicircle. In the group 



b,GooQk- 



II, S 61) MEASUREMENT OF LOW RESISTANCES 85 

marked x 10, there are eighteen coils of 10 ohms each, nine in 
each semicircle. In the group marked x 1 there are eighteen 
1-ohm coils, and in the gronp marked x 0.1 there are eighteen 
0.1-ohm coils. In each case there are the same number of 
coils in the upper as in the lower semicircles. The contact 
brushes of the rotating switches over the semicircles in each 
group are insulated from one another. It is readily seen 
that as any switch is rotated, the resistance effective in the 
upper and lower semicircles of any dial group is always the 

In measuring a resistance with this apparatus, a working 
battery WB, Fig. 32, is put in series with a properly chosen 
standard resistance s, and the resistance to be measured x. A 
control rheostat should be included in this circuit. The termi- 
nals of the standard resistance are connected to the binding 
posts NN, and those of the resistance to be measured to XX. 

The effective resistance of all foui of the upper semicircles 
taken in series corresponds to S of Fig. 32, while that of the 
four lower semicircles corresponds to b. The group of three 
plug controlled resistances at the left in Fig. 33 corresponds 
to A, and that near the middle of the diagram corresponds to 
a. The rotation of any one of the four dial switches to the 
right or to the. left will increase or decrease, respectively, the 
values of B and b by equal amounts. Since A and a will 
always be equal, it is seen that the ratio A/B will always be 
equal to a/b, which is the fundamental condition upon which 
the operation of the bridge is based. Inasmuch as this is a 
zero method, its operation is not affected by fluctuations in 
the working-battery current. 

The method is widely used in the comparison of low resist- 
ances. It is available also for calibrating standard coils, for 
measuring the variation of resistance with changes in tempera^ 
ture, and for finding the conductivity of bars and wires in the 
form of short samples. 
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62. Laboratory Exercise IX. To measure a low resistance 
wUh the Kelvin bridge, and to find the temperature coefficient of 
retittance for a aample of wire. 

Appabatus. Standard resistance of low value, aamplea to 
be measuted, oil bath with heater, Kelvin bridge, galvanometer, 
a few cells of storage battery, tap key, and connecting 
wires. 

Pbocedure. (1) Connect in series with the battery and a 
control rheostat the standard resistance s, and the sample to 
be measored x. Connect the terminals of s to the points 
marked NN on the bridge and the terminals of a; to the points 
XX. Include a tap key k in series with the galvanometer, 
which ia connected at O, Fig. 33. 

(2) Introduce equal resistances at A and a, and with all the 
dial switches on zero, tap k and note the direction of the throw. 
Set the switch x 100 on 10 and again tap k. If the galvanom- 
eter does not deflect in the opposite direction, it is necessary 
to interchange the wires at either NN or XX. If reversal 
occurs, a setting of the four dials may be found such that there 
is no deflection when k is closed. 

(3) Using the notation of § 61, the upper halves of all the 
dials will read the value of B, and the tower halves of the 
dials will read the value of b, which values in this apparatus 
will always be the same. Calculate the value of x from equa- 
tion (48). 

(4) With the sample immersed in oil or water, make sev- 
eral measurements at carefully determined temperatures, and 
calculate the value of the temperature coefBcieut from equation 
(9), § 42. The bath must be stirred so that the temperature 
is uniform throughout. 

63. Laboratory Exercise X. To measure a low resistance 
by the fall of potential, direct-defleaion m,^od, and to find the 
resistivitf/ of a sample of wire. 
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Apfa&JlJvb. One or two low-reBistaiice Htanda,rdB, aamples 
to be measured, double-pole double-tlirow switch, reversing 
switch, galvanometer, one or two constant battery cells, resist- 
ance box, and clamps. 

Pbocedubx. (1) Fasten the clamps to the edge of the table 
and secure the ends of a sample of wire 15 to 30 cm. long in 
the clamps, stretching it tight Arrange the ciicuit as in 
Fig. 30, and include a reversing switch between the galvanom- 
eter and the switch D. 

Connect current and potential wir^ to the double binding 
posts on the clamps, and adjust R until suitable deflections 
are observed. Connections shoidd be so made that galvanom- 
eter deflections are on the same side of the scale when the 
switch D is thrown over. 

(2) Take reversed galvanometer deflections across x and s, 
repeating several times for each sample. 

(3) Calculate from equation (41) the value of the resistance 
of the sample. 

(1) Measure the length and diameter of the wire used and 
calculate the resistivity in microhms per centimeter cube, for 
each sample furnished, using etjuation (3), § 39. 

Note the re^Btance of the galvanometer used. Is it bi^ enough to 
avoid sensible error ? 

DliScusB the efiect on the results obtained if the galT&nometer resistance 
were increased or deciensed. Stat« the probable precision attained in 
the apparatus used. 

For man; commercial purposes a moderate degree of precision sufBcee 
and a mUliToltmeter may be used instead of the galvaiiometer, flie ratio 
of the readings will give the ratio of the resistances. 

61. Measurement of Low Resistances by Ohm's Law. A 
simpler method than the foregoing, and one which is sufiB- 
ciently accurate for a great deal of routine testing, depends 
on Ohm's law, and upon the direct measurement of current 
and potential difference with ammeter aaid millivoltmeter. 
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Consider a circuit ananged as in Fig. 34, in which x is the 
nsiBtance to be measured. Let I and V repieBent the read- 
ii^s of the ajBiueter and 
millivoltmeter, respectively, 
and let r be the resistance of 
the mUliToltmeter. Writing 
Ohm's law for the portion of 
the circuit between a and b, 
we have 




from which the value of x is found to be 
V 

(49) '-Y:r 

r 

If r is relatively lai^e, the tenn V/r may be neglected, and 
a direct application of Ohm's law gives the value of the un- 
known resistance x. 



H. Labcnvtoiy Exercise XI. To measure a low resistance 
Kith ammeter and mUlivottm^er. 

Appabatuh. Ammeter, millivoltmeter, one or two storage 
cells, control rheostat, and samples to be measured. 

Procedure. (1) Arrange the circuit as in Fig. 34, with the 
contact points a and b at the terminals of the sample to be 
tested. Adjust R so that the current and potential difference 
are easily readable on the instruments. 

(2) Compute the value of as for several pairs of values of / 
and V, from equation (49), both with and without the factor 
V/r, and show the percentage accuracy attained. 
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Part IV. Mbasurehent of High Resistance 

66. Hijji-resistauce MeQlods. It has been pointed out 
in § 62 that the Wheatstone bridge is not available for the 
meaaurement of high resistance. The procedure most com' 
monly employed for such measarements invblves the direct 
observation of deflections. Hence it is not a zero method. 
Moreover, since the high resistances measured are usually 
those of insulation, great precision is not sought. 



67. A Direct4eflection Method. The following is a rapid 
and fairly accurate method for finding the value of a high re- 
sistance. It reqnires a galvanom- 
eter of known figure of merit or 
a sensitive milliammeter, a volt- 
meter, a sufficiently high electro- 
motive force, and the sample to be 
tested. The circuit is arranged as 
in Fig. 35. The galvanometer be- 
comes an ammeter when its figure 
of merit is known and may then 
be used to measure the current 
passing through the circuit. By Ohm's law, we have 



'HHh 



L_@_l 



(60) 



i = Fd = - 



where P ia the figure of merit of the galTsnometer, g is its 
resistance, V is the terminal potenti^ difference of the bat- 
tery, and X is the resistance to h» measured. From (50) we 
find 

(61) «=-^-J. 

If g is small compared with x, it may be dropped for approxi- 
mate results. 
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68. A Voltmeter Method. A high reaistance can be niea^ 
ured also by means of a circuit arranged as shown in Fig. 36. 
A battery of 100 volts or up- 
wards is conneeted in series 
with the high resistance x. 
The voltmeter is first con- 
nected across the battery ter- 
minals CA, and its reading V 
is obserred. The contact point is then clianged from A to 
B, and again the reading of the voltmeter V is observed. 
Writing Ohm's law. for the two cases, we have 

(62) t, = ifa, = f, 

9 
and 

(63) i,= ^, = -A_ 

g + x 

where F is the figure of merit of the galvanometer, g is its 
resistance, and E is the electromotive force of the battery. 
The internal resistance of the battery is negligible in compari- 
son with the high resistance in series with it. Dividii^ (62) 
by (63), we find 

Since deflections on the voltmeter are proportional to poten- 
tial differences, we have 

_Vi_ g + x 



9+x 



(66) 



or 



(66) 



'K-']- 



This method will not yield results of high precision, but it 
is convenient and requires only simple equipment. It is much 
nsed in practice for rapid and approximate determinations. 
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It is applied, for example, in the case of finding the inBolation 
resistance of a wiring circuit, as shown in Fig. 37. The dia< 
tributed resistances be- 
tween the two sides of 
the line and the ground 
<? are represented by 
xi and Xj, respectively. 
With the instruments aa 
shown, the value of x, 
may be found. In order 
to find x^, the point a 
must be changed to the other side of the line. 

. S9. The MeUiod <tf Substitution. As a general method of 

good precision for measurii^ the insulation resistance of wires 

and cables, or other high resistances, the following method is 

frequently used. With a 

/pv circuit arranged as in Fig, 

^^ 38, let Si be some known 

resistance of one tenth 

megohm or h^her, and let 

E2 be the imknown. The 

galvanometer must be one 

Fia. 3S. of high current sensibility, 

and the battery should be 

capable of supplying a constant potential difference of from 

one hundred to five hundred volts. With the switch K raised 

to the point u, the current through the galvanometer is given 

by the equation 






(67) ^ = JM,= ±!- , 

where E and b are the electromotive force and resistance of 
the battery, respectively. With the switch K on /, the galva- 
nometer current is given by the equation 
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(68) ■, = «(,». ^ 

Bividiog (67) by (58), and neglecting the resistance of the 
tattery as small, we have 

til . Br + a 

d, Ri + S 

li 9 is negligible as compared to the other resistances, we may 
write 



(69) 



(60) 



Rt = Ri- 



Frequently, hovever, the available standard A, is so small 
compared with £, that the two deflections are not readily 
comparable. For example, if the value of By is one ten^ 
megohm, while that of Jfj is 100 
megohms, then d, is one thousand 
times as great ae dj. For such a 
case the deflections would not be of 
the same order of accuracy. In 
order to avoid dif&cultiee of this 
kind, and to keep the vataes of the 
deflections nearly the same, the 
galvanometer la shunted. The fore- 
going method as used with the 
Ayrton shunt is illustrated in Fig. 39, and the formula will 
now be developed. Suppose that for some position a of the 
adjustable contact arm, the value of t is B/a. Similarly, for 
some position 6, the value of the resistance to the left of 6 
is B/b. Calling I^ and /j the currents in the main circuit for 
the upper and lower positions of the switch, respectively, and 
using equation (11), § 26, we may write expressions for the 
corresponding currents through the galvanometer in the form 



. ^ 


. *t , 


. . 




~ 


t 


B 




k&^ 



(61) i 



= «i,. 



B/a 



g + R/a + (B-R/a)] 



'im^ 
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and 

Since fli and Bj will always be lai^, the currents thiongli 
tlieni will not be affected appreciably by a change in the value 
of the shunt ratio. Therefore the efEective potential difference 
of the battery is easentially unchanged. We may then write 
equations (61) and (62) in the form 



(63) i, 
and 


-M,. 


'im 


(64) C, 


-m,-- 


4m 


Dividing (63) by (64), 


wehave 




4 = 


a B,' 


wlienee 






(66) 


«,' 


-[M]- 



The quantitieB a and b here represent the fractional parts of 
B corresponding to the positions of the contact arm. It must 
be kept in mind that these fractions do not represent the ratio 
of the galvanometer current to the total line current, but the 
ratio of the two galvanometer currents corresponding to the 
positions a or 6 and c. The ratio of currents through the gal- 
vanometer for positions a or b and c is a constant, and is inde- 
pendent of the galvanometer resistance. 

In all these high resistance measurements we are dealing 
essentially with materials other than metals. ^Nevertheless, it 
is assumed that Ohm's law holds. This is approximately true 
for ordinary insulating materials or for surface leakage. 
However, if there is electrostatic capacity present, as in con- 



b,G(>Oglc 



94 RESISTANCE AND ITS MEASUREMENT (11,(70 

densen or long cables, special care moat be given to the inter- 
pretation of the reaults. 

Moreover, in the case of insulating snbBtaaces it is often 
found that the deflection which occurs when the electromotive 
force is first impressed across the high resistance does not 
remain constant, but falls off at first rapidly, then more slowly, 
the variation becoming inappreciable only after a long inter- 
val, frequently several hours. This phenomenon is called 
electiification, and is due to certain changes which take place 
within the body of the substance. The effect is less marked 
as the temperature rises. 

In order that measurements of h^h resistance may have 
definite significance, they must be accompanied by statements 
of the experimental conditions, including impressed voltage, 
time of electrification, and temperature. A representative 
specification for cables is as follows : 

Bach conductor shall abow, a,tter twenty-foar hoais' ImmereioD in water, 
ui insQlfttion realatance of not less than 800 megobms per mile, with not 
leas than 100 volts applied for one minute, at a temperature of 76° 
Fahrenheit. 

For further details on cable testing see § 165, Chapter VIII. 



70. Laborabny ^ercise XII. To measure a high resistance 
bff the Mbatitution method. 

Apparatus. A standard resiatance of one tenth m^ohm 
or more, sensitive galvanometer, 
Ayrton shunt, well-insulated switch, 
and an E. M. F. of 100 volts or more. 
Pbocedubb. (1) Arrange the cir- 
cuit as in Fig. 39, with a high- 
inaulation switch in the battery 
circuit. In case the E. M. F. is 
taken from a dynamo, it is well to 
include a carbon filament lamp in 



— ^ 


) 


,' *; , 


a i 






t 




'.-^ 







i9 (rapeated). 
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the circuit la order to prevent aa escess of current in case of 

an accidental ahort-circuit. The resistance of this lamp may 
be known and allowed for, or it may be neglected if the 
resistance to be measured is high enough. It is always pref- 
erable to use a well-insulated battery for the E. M. F. 

(2) The maximum current will pass through the galvanome- 
ter when the switch ia on point 1, Fig. 15, § 27, and the first 
position to try ia then on the other side, beginning on the zero 
point, and setting snccessively on b, c, d, etc., until a readable 
deflection occurs. 

In using the A jrton shunt it must be kept in mind that the ratios given 
hold only when the deflectlona for the respective poeitiODa of the switch 
are compared with the deflection which would occur with the switch on 
point 1. The multiplying factors for the other poeitione are then 10, 100, 
1000, etc. This differs from the ordinary shunt practice, where the mul- 
tiplying factor gives tlie ratio between total current and galvwiometer 
current. In the Ayrton shunt the galvanometer is always in parallel 
with the combined resistances of all the sieps. 

(3) Kead and record the deflections for the standard resistr 
ance and for the samples furnished. 

(4) Calculate the values of the unknowns by substituting 
the proper values in equation (65). If insulation resistance of 
wire or cable is being found, express the result in m^ohms 
per mile. 

Ali parta of Ibe circuit must be well insulated, and since the B. M. F. 
used will, in general, be high, the ntmoat precantion most be eiercised to 
avoid a dangerous short-circuit. In case porcelain or glass insulators are 
being tested, the resiatance of one of them may be too high to be measured 
conveniently. A group of ten or a hundred are then connected in paral- 
lel, the reaiatance of a single one tieiug inferred from the result. 

71. The Loss of Charge or Leakage Method. For some 
kinds of testing where the resiatance of cables, dielectric resist- 
ance of condensers, etc, is to be measured, the loss of charge 
method is preferred. This method involves the use of the 
ballistic galvanometer, and it will be described after this 
instrument haa been studied. See Chapter VIII, § 165. 
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Past V. The Mbasdbbmekt of Liquid Resistance 
72. Resistance oi Electrolytes. With respect to electrical 
resiBtance, liquids may be divided into two clasees : 

I. Good conductors. 

II. Poor conductors, oommonly called non-condactors. 
Under the first claaa two groups are rec<^mzed : (a) mercury 

and other fused metals ; (b) electrolytes, which a,re, iu general, 
water solutions of salts and acids. 

Of the liquids classed as good conductors, those in group (a) 
offer no dif&culty so far as the measurement of their resistance 
is concerned. The Wheatstone bridge or any fall of potential 
method yields accurate results. 

Under group (b), however, special difficulties are encountered. 
An electrolyte conducts by virtue of the decomposition of the 




solution ajid the migration of the ions, and there is, in gen- 
eral, a double procession of ions in opposite directions, the 
ions finally being deposited on the electrodes. This sets up 
a counter electromotive force of polarization which affects 
measurements as though an extra resistance had been added. 
Hence, determinations based on Ohm's law are inaccurate. 

The Wheatstone bridge may be used, however, by putting 
the sample of the electrolyte to be measured in a suitable tube 
or vessel provided with platinum electrodes (Fig. 40), connect- 
ing this as the unknown arm of the bridge, and impressing an 
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alternating instead of a steady E. M. F. A sensitive telephone 
receiver will replace the galvanometer, and will give a mini- 
mum sound when the bridge is balanced. If the alternating 
current is supplied from the secondary of a small induction 
coil from which the condenser has been removed, the polariza- 
tion during one half of the cycle will be annulled by the 
E, M. F. of opposite sign during the following half cycle, and a 
balance may be obtained from which the true resistance of the 
sample is found. 

The electrodes should be coated with a deposit of platinum 
black, which greatly increases the effective area, thus reducing 
the sur^e density of such residual charges as are present. 
The size and style of the containing tubes will depend upon 
the conductivity of the solution to be measured. A poorly 
conducting electrolyte should be measured, in general, in a 
short tube with a large electrode area. 

The tube selected is first calibrated by measuring In it the 
resistance of a sample of a standard solution of Imown con- 
ductivity, such 3,9 a normal solution of potassium chloride. 
After carefully cleansing the tube, the sample of the electrolyte 
of unknown conductivity is measured in the same way. 

The resistivity of any substance is given by the equation 
(3) of §39. If the length of the column of electrolyte is 
denoted by L, the resistivities in the two cases are given by 
the equations 

(66) fti = iii|, 

(67) ft, = ie,|, 

where %, is the resistivity of the standard solution, &, is that 
of the unknown, S^ and R^ are the measured resistances respec- 
tively, and a/L is the ratio of the area of cross-section to the 
length of the column of electrolyte. 

Since this ratio is a constant for the given containing cell, 



b,Googlc 



98 RESISTANCE AND ITS MEASUREMENT [II. S 72 

the unknown resistiritj is found by dividing (66) by (67) and 

solving for ft, ; this gives 

(68) ■ <i = *.|- 

The conductivity is the reciprocal of resistivity and is ex- 
pressed in terms of the reciprocal ohm or the mho (§ 40). A 
table of conductivities for potassium chloride at different tem- 
peratures is given in the appendix. 

If polarization efEecta are avoided, Ohm's law holds through- 
out a wide range of values for electrolytes, from highly con- 
ducting salt solution to poorly conducting water. The con- 
ductivity of pure water has been measured in a vacuum and 
found to be 0.4 X 10"" mhos per centimeter cube. Water in 
contact with the atmosphere has a conductivity about twice as 
great, and this cannot be reduced because of the tendency to 
dissolve carbonic acid and ammonia from the air, as well as 
certain substances from the glass vessel in which it is usually 
kept. While the amount of these impurities is very minute, 
the effect on the conductivity of the water is comparatively 
very lai^e. 

Precise measurements require that the applied alternating 
wave of E. M, F. shall have the form of a sine curve, with 
equal positive and negative amplitudes, and that the bridge 
arms shall be free from capacity and inductance. 

Except for the highest accuracy, the above method, due to 
Kohlrausch, is satisfactory. Such measurements are of par- 
ticular interest in physical chemistry, in affording informal 
tion as to the degree to which any dissolved substance has 
been dissociated. 

78. Laboratory Exercise XDI. To find the conductivity of 



Apparatus. Wheatstone bridge, sensitive telephone re- 
ceiver, small induction coil, resistance box, one or two dry 
cells, containing cell, and thermometer. 
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A convenient form of Wheatstone bridge, known as the JToUrauscft 
bridge, is shown in Fig. 41. A uniform manganin wire nearly five meteiB 
long is wound in ten tnrna on a marble cylinder. Thia is coyered with a 
protecting tiood whicli revolves oa a vertical spiodle, threaded with a 



pitch ezactlj equal to that of the winding of Uie wire. A spiing bruBh 
fastened to the inside of the hood is always in contact with the vrire, 
and is connected through the spindle to the binding post on the front of 

(he base. The two ends of the wire are attached to the two binding 
posts at the back. Total turns are read on the glass scale, and fractions 
of a turn are read on the graduated circle against a vertical line etched 
on the glass plate. Ratios of lengtlis oo either side of the contact point, 
and hence also ratios of the resistances of wire segments, are readily 
determined. 

Procedube. (1) Draw the usuai diamond digram of the 
Wbeatatoue bridge, properly label the arms, and write the 
corresponding formula. 

The entire amusement of the circuit, with the Kohlraoadi - 
bridge inserted, is shown in Fig. 42, p. 100. 
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(2) Connect the containing cell E in series with the known 
resistance and with the bridge wire, as in Fig. 42. Attach the 
telephone and the secondary of the induction coil to the proper 
terminals. Usually it is preferable to connect the telephone 
receiver between A and B, although either of the conjugate 




arrangements may be used. Compare this circuit with the 
diagram previously drawn, and write the foimula required for 
this actual arrangement. 

(3) Measure a sample of the standard solution, adjusting S 
and the position of the contact on the bridge wire until the 
minimum sound is found near the middle of the wire. Take 
the temperature of the sample. 

(4) Rinse out the cell and refill it with the electrolyte of 
unknown conductivity. Measure its resistance as above and 
take its temperature. 

(5) Calculate the resistivity from equation (68) and find the 
conductivity of the samples at the observed temperature. 

(6) If the balajice point is not sharply defined, the electrode 
surfaces probably need leplatinizing. These surfaces may be 
rinsed with clear water after using, but they should not be 
touched with the fingers nor wiped with a towel. 

An increase in senaitlveness may be effected by puttLng a ahort-drcuit- 
Ing key across the telephone termintils and repeatedly making and break- 
- ing the circuit for any particular setting ot the movable contact. The 
; ear is more sensitive to auddcD changes than to gradual ones. 
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CHAPTER in 

ELECTROMOTIVE FORCE AND POTENTIAL 

DIFFERENCE 

Paet I. Sources op ELECTBOMorrvE Foece 

74. There are three well-known classes of apparatus for 
transforming energy of other kinds into electrical energy. Of 
these, the thermoelectric generator is of uae only for relatively 
feeble currents. Its phenomena and some of its applications 
will be discussed in Art. 81. The dynamo generator depends 
upon principles which will be discussed in Chapter VI. 

In the following articles some of the more common types 
of battery cells will be described, as these are especially im- 
portant in connection with electrical measurements. The 
function of a battery cell is to transform chemical energy into 
electrical energy. Two classes of cells will be considered, 
, primary batteries, which are renewed by the addition of fresh 
chemicals, and secondary batteries, or accumulators, which are 
renewed or charged by means of a current which is applied in a 
direction opposite to that yielded by the cell when in service, 
and which produces in the cell the necessary chemical changes. 

76. The Gravity Cell. The gravity cell has for its negative 
electrode a zinc plate, suspended near the top of the contain- 
ing jar, and for its positive electrode a plate of copper at the 
bottom of the jar. This plate is covered with a layer of copper 
sulphate crystals, and over 'it for a few inches is a water solu- 
tion of the same salt. Above this, and surrounding the zinc 
plate, is a solution of zinc sulphate. A sharp line of separa- 
101 
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tdon should appear between the two solutions. Due to its 
greater density the copper sulphate solution tends at first to 
remain helow the zinc eulphate. However, diffusion will occur 
unless the battery is supplying current. This type yields the 
most constant electromotive force of any of the ordinary 
primary cells. Owing to its freedom from polarization, it 
is useful for closed circuit work. Its E. M. F, is 1,08 volts, 
and its internal resistance may vary from half an ohm to 
several ohms. 

To set up a gravity cell for experimental purposes, first fill 
the jar half full of water and stir in about 50 grams of ZnSO^. 
Place the copper in position at the bottom of the cell and hang 
the zinc at the top. By means of a funnel tube introduce a 
saturated solution of CuSOt at the bottom of the cell, taking 
every precaution against mixing the two solutions. The blue 
should appear at the bottom, and gradually rise, carrying the 
white ZnSOj solution above it. Continue introducing OuSO, 
solution until the zinc plate is well covered by the ZnSO«. In 
case the fluids mix they must be emptied out and a fresh trial 
made. When through using a gravity cell, if it ia desired to 
keep it set up, close its circuit through a resistance of a few 
hundred ' ohms, in order to prevent diffusion of the solution. 
If it is not to be kept set up, pour out the solution into the 
waste jar, rinse the parts in clean water, and wipe them dry 
with a towel. These battery solutions should not be emptied 
into the ordinary laboratory sinks. 

76. The LeclanchS Cell. The Ledanohd cell has a voltage 
of 1.4, a low internal resistance, and rapid polarization. It is 
useful chiefly for open-circuit work. The elements axe zinc 
and carbon in a solution of salammoniac. The chemical action 
is complex, a double chloride of zinc and ammonium being 
formed, with liberation of hydrogen and ammonia gas at the 
carbon plate. To diminish polarization effects, a paste con- 
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taining black oxide of manganeBe is used, sometimes pa,cked 
in a porous jar about the carbon electrode, and sometimes 
formed into solid bars, vbicb are held close to the carbon plate 
hy rubber bands. Recovery from polarization is rapid when 
thus treated. 

77. The Dry Cell. The so-called dry cell is a modification 
of the Leclanch^ cell, in which the solutions are absorbed la 
the materials of the cell, thus rendering it portable in any 
position, with no liquids to be spilled. The E, M. F. ie 1.6-1.6 
Tolts, and when fresh, its internal resistance is low, so that 
with an external resistance of 0.01 ohm, a current of 25 or 30 
amperes can be drawn from it. 

The anode is a sheet of zinc in cylindrical form, which is 
the outer casing or container for the cell. This zinc shell is 
lined with several layers of porous paper heavily impregnated 
with ammonium chloride solution. Within this paper is a 
granular mixture of carbon, manganese dioxide, and ammonium 
chloride saturated with zinc chloride and ammonium chloride 
solutions. Packed securely within this mixture and at the 
center of the cell is a fluted carbon rod, and the whole is sealed 
air t^ht with pitch or hard wax. 

Polarization is rapid when large currents are drawn from it, 
but the manganese dioxide is a strong oxidizing j^ent, and the 
return to nearly normal voltE^e is rapid after use. 

The internal resistance of this type of cell increases rapidly 
with use and ^e, partly due to the drying out of the contained 
moisture and partly due to the reduction of the manganese 
dioxide. There is also a deposit on the zinc of non-soluble 
impurities and products of secondary reactions. Particularly 
in the dry cell, the so-called internal resistance is a compound 
quantity, which is dependent upon many factors, and which 
varies with the current output, the age, and the temperature. 
Ordinary tests, such as those described in §§ 85-86, are of little 



b,Googlc 



104 ELECTROMOTIVE FORCE (III, { 77 

BigDificance with dtj cells. They Bhoald be subjected to serr- 
ice teste, based on the actual conditions of use.' 

Where galvanometer deflections are to be observed, constant 
potential cells are necessary. For zero methods, however, other 
types will often answer. Dry cells in series with a high resistance 
may be r^arded as constant pot«ntial cells for many purposes. 

78. The EdiBon-Lolande Cell. Modifications of the origi- 
nal Lalande cell, usually sold under the name Edison-Lalande, 
have an E. M. F. of 0.8-0.9 volt, and a low internal resist- 
ance of only a few hundredths of an ohm. The n^^tive elec- 
trode is amalgamated zinc, and the positive electrode consists 
of a plate of compressed copper oxide, the surface of which 
has been reduced to the metallic state. These plates are im- 
mersed in a twenty per cent solution of sodium hydroxide. A 
thin layer of heavy mineral oil is poured over the top to pre- 
vent evaporation and creeping. After the cell has been in opera- 
tion for a short time the E. M. F. becomes practically constant. 

79. Standard Cells. It is convenient to have at hand cer- 
tain voltaic or electrochemical standards of E. M. F. Two 
such standards, the Ctark ceU and the Weston cell, can be pre- 
pared with a high degree of constancy and trustworthiness. 

The Clark cell has zinc or zinc amalgam for its negative, 
and mercury for its positive electrode, the zinc being sur- 
rounded by a saturated solution of ZnSOi, while a paste of 
mercurous sulphate is above the mercury. The E. M. F. of a 
cell of this sort is 1.434 volts at 16° C. Between 10° and 25"' 
its variation is about 0.00115 volt per degree, the E. M. F. 
decreasing with a rise in temperature. 

The E. M. F. of these cells will vary with the concentration 
of the solutions and with the circumstances of manufacture. 
Hence a certificate should accompany each cell when purchased. 
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Thia cell, as originally prepared, was not sufficiently por- 
table. Moreover, its E. M. F, did not follow accurately the 
changes in temperature. An improved form was devised by 
Carhart. In this form the zinc sulphate solution is saturated 
at 0° C, and its temperature coefficient is somewhat less than 
in the earlier forms. The value of its E. M. F. 
for any temperature f is found from the formula 
(1) E, = 1.440 - 0.00066(( - IS) volts. 

The interior arrai^ement of a Carhart-ClaTh \ 
c«U' is shown in Fig. 43. 

The Weston cell, or cadmium cell, takes its | 
name from the use of cadmium iiutead of zinc : 
as in the Clark cell. It was first suggested by I 
Weston in 1891. It is preferably made in 
H form, as shown in Fig. 44. Platinum wi 
are sealed into the tubes and make contact witli 
mercury on the positive side and with a cad- 
mium-mercury amalgam on the negative side. Above the 
mercury is a layer of a thick paste, made by intimately mix- 
ing metallic mercury, mercuroua sulphate, and a saturated 
solution of cadmium sulphate. 
" Above the cadmium amalgam on 
the negative side is a layer of 
cadmium sulphate crystals, and 
over all, filling both sides of the 
tube, is a saturated or nearly sat- 
urated solution of cadmium sul- 
g phate. The open ends of the 
tube are closed with corks and 
sealed with wax. When these 
cells are made according to precise specifications,* they can be 
1 SpeclficatloDfl tor setting up these cells are glvea in the 0. S. Bvrbad 
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reproduced vith a. variation of only a few parts in 100,000. 
Temperature changes hare but slight influence on this type of 
cell, a change of ten d^rees C. either way causing a change 
in E. M. F. of less than five parts in 10,000.' For this reason 
the cadmium cell has practically displaced all other types. It 
is portable and may be sent throi^h the mails or otherwise 
transported without ill effects. 

Formerly the international volt was defined as a stated frac- 
tion of the E. M. F. of a cell of the Clark type, but its evalua- 
tion depended upon the use of a known resistance and a 
known current. The London Conference (1908), although de- 
fining the international volt in terms of the ampere and the 
ohm, recommended the adoption of the Weston cell as a sub- 
standard of voltage ; its value is now taken as 
1.0183 volts at 20" C. 

Standard cells are not intended to supply current, and they 
must always be used in such a way that there is no danger of 
polarization taking place. They should be used only in aeries 
with a high resistance (10,000 ohms), or for zero methods 
where the potential difference is compensated. 

EXERCISE 

Will a standard cell show Ua rated voltage when connected to a com- 
mercial voltmeter ? Explain. What would be the effect on the cell of 
tbis experiment ? 

80. Secondary Batteries. When a direct current is passed 
through an electrolytic cell, decomposition products are de- 
posited on the cathode. In general, if the source of current 
is removed and the circuit is again completed, there will be a 
flow of current in the reverse direction, due to the polarizar 

' The precise formula from which the E. M. F. ol a Weston cell is calcu- 
lated tot any temperature (° is 

E, = B»- 0.0000406((- 20) - 0.0000009S(( - 20)' + 0.00000001(i - 20)'. 
See U, S. BuRSAD OF STAMDAans, Circular Ho. 29. 
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tion of the electrodes. In this way an exhausted battery can 
have its active material renewed by electrolytic deposition. 
In a class of batteries called storage cells, or accumulators, this 
is an efficient process. 

A common type of accumulator consists of lead plates per- 
forated with many apertures, into which the active material 
is compressed. This is usually a paste made by mixing cer- 
tain lead salts (red lead, Pb,Oi, and litharge, PbO) with sul- 
phuric acid. If plates thus prepared are immersed in a 
twenty per cent solution of sulphuric acid, and a current is 
sent through the cell, hydrogen passes to the cathode and 
reduces the paste to spongy metallic lead. The &0, ions pass 
to the anode, and a higher oxide of lead, PbOi, is formed. 
The rapid evolution of hydrogen at the cathode is evidence of 
complete transformation of the material, and the cell is then 
said to be charged. If the charging current is now cut off and 
the cell connected to a circuit, current will be found to flow 
from the cell in a direction opposite to that during the process 
of being charged. Such cells have a discha^e volt^e of 
about 2.2, and a low internal resistance of the order of a few 
hundredths of an ohm. Moreover, their behavior when in 
good condition is very constant, and they are indispensable 
for many kinds of electric testing. The disadvantages of 
this type of cell are its great weight and its requirement of 
regular and systematic attention durii^ charging and use. 

In the Edison storage cell, the positive plate consists of 
nickel oxide packed in perforated steel tubes, several of which 
are mounted side by side in a ateel frame. The negative plate 
consists of iron oxide held in a somewhat similar way. These 
plates are immersed in a twenty per cent solution of caustic 
potash, and are sealed into a container of welded sheet steel. 
These cells have an average voltage of 1.2, which is a disad- 
vantage as compared with the lead type of cell. However, 
they are rugged, constant in their behavior, and but slightly 
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affected iiy extreme temperatuieB. Because of their smaller 
wmght, they are preferred for many purposes to other 
types. 

The storage cell does not store electricity, but by means of 
the current supplied to it chemical ehanges are set up which 
renew the active material necessary for the continued operation 
of the cell. 

81. Thennoelectricity. In 1826 Seebeck discovered that a 
current of electricity flows in a circuit consisting of two differ- 
ent metals, when a difference of temperature is maintained at 
the two points of contact, or juntHont. This is commonly 
explained by saying that at the junction thermal energy is 
transformed into electrical enei^, and this point is regarded 
as the seat of an E. M. F. 

In the following table some common metals are so arranged 
that when any two are chosen for the circuit, current flows 
across the hot junction from any metal to one standing lower 
in the list. 

Bismuth Lead 

Nickel SQver 

Platinum Iron 

Copper Antimony 

Of the pure metals the bismuth-antimony pair yields the 
greatest thermoelectromotive force, that is, these elements 
have the greatest thermoelectric power. However, certain 
alloys such as german silver, advance, and platinum with irid- 
ium or rhodium, are frequently used for one of the materials. 
Expressed in microvolts per degree of temperature difference, 
the thermoelectromotive force of a pair of iron-german silver 
junctions is about 25, that of an iron-advance pair is about as 
great, and that of a copper-advance pair is about 40, The 
purity and the physical state of these materials is an impor- 
tant factor in the measured values. 
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The thermoelement is made by soldering two pieces of the 
chosen metals together, with their ends soldered respectively 
to pieces of copper wire. The jimctiona AA, Fig. 45, are kept 
at some constant temperature, usually that of melting ice, and 
the junctioa B is j,^ jdM«„ 

heated. The gal- ^ 
vanometer will 
then indicate the 
passage of a cur- 
rent. Knowing ^"^ *"■ 
the sensibility of the galvanometer and the resistance of the 
circuit, the effectiveness of the arrangement in microvolts per 
degree can be calculated. The presence at the junction of an 
intermediate metiil or alloy like solder will not affect the value 
of the E. M. F., because whatever effect is developed at one 
point of contact is annulled at the other. 

Many and varied forms of thermoelementB find application 
in the measurement of temperatures where mercury-in-glass 
thermometers would be too massive to respond quickly to 
small temperature changes, or where it would be impossible 
or inconvenient to introduce them. The chief advantage of 
thermoelements is found in their small mass and their quick 
response to changes of temperature. The range over which 
they may be used is limited only by the temperature at which 
the metals oxidize, or for some metals, the temperature at 
which the effect dianges sign. For example, in the iron-copper 
element the effect changes s^pi at about 270° C. For a range 
from liquid air temperatures, - 190° C. to 200° or 300° C, 
copper-advance or iron-german silver is used. For higher 
temperatures, upwards of 1700° C, a thermocouple of platinum 
and a platinnm-rhodium alloy is used. The E. M. F. may be 
measured by means of a potential galvanometer * or by a po- 
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tentiometer method. Any thermoelement may be calibrated 
with a galyaoometer bo that tempeiatuies can be read directly. 




83. Laboratory Exercise XIV. To cal&trate a galvanometer 
uted Kith a copper-advance thermoelement. 

Apparatus. Galvanometer, thermocouples with hot and 
cold baths and theTmometers, one accumulator cell, voltmeter, 
two resistance boxes, and a tap 
key. 

Phocebubk. (1) Arrange the 
circuit as shown in Fig. 46, keep- 
ii^ the junction B at the tem- 
perature of melting ice. Heat 
the junction A by means of a 
flame under the oil bath, and take simultaneous readings of 
temperatures and galvanometer deflections. A multiplier of 
required amount to keep the deflection on the scale for the 
highest temperature used (about 200° C.) should be put in 
series with the galvanometer. Take eight or ten readings over 
approximately equal intervals of 
temperature change, from room 
temperature to 200° C. 

(2) Plot deflections as ordinates 
and temperature readings as ab- 
scissas on a sheet of cross-section 
paper. 

(3) To calibrate the galvanom- 
eter in microvolts per scale di- 

viaion, connect the apparatus as in Fig. 47. A storage cell 8 
is put in series with a resistance of 1000 ohms. Traveling 
contacts at aa! will enable a potential difference one thousandth 
of that of 5 to be applied to the galvanometer in series with 
the variable resistance R. The voltage of the cell may be 
taken with a voltmeter. Take deflections, five or more in 
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number, over the full-scale range. Calculate the potential 
difference at the galTanometer terminals in microvolts. 

(4) Use the same sheet as in (2) above, and lay oS a scale 
of microvolts along the axis of abscissas. Plot deflections 
gainst microvolts. From the two curves thus plotted, calcu- 
late the potential differences developed at the various temper- 
atures, and plot a third curve showing the relation between 
potential difference and temperature. 

83. Electromotive Force and Tenninal Potential Dif- 
ference. In general, whenever two plates of different metals 
are dipped in an electrolyte, a difference of potential is found 
to exist between them. If dilute sulphuric acid is used as the 
licLuid, the potential relations of a few familiar substances are 
given in the following table. Selecting any two of the sub- 
stances, current is observed to flow throi^h a wire connecting 
them outside of the battery, from any one, to one which stands 
lower in the table. 





Carbon 


As battery poles, tiiese 




Mercury 


are positive down- 




Copper 


ward. 




Iron 




As substances, these are 


Cadmium 




electropositive upward. 


Zinc 





The terms positive and negative as applied to the poles 
of a battery must not be confused with electropositive and 
electronegative as applied to the substances. 
The seat of the E. M. F. is at the surface of 
contact between the electropositive substance 
(zinc) and the liquid, and the negative pole ' 
is the exposed part of the electropositive plate. 
In a simple voltaic cell (Fig. 48) charges of 
opposite sign are found at the poles. If the ^"- **■ 
poles are connected by a conductor, these charges are removedl 
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However, the actdon of the cell restorea them and the potential 
difference is maintained. There is, then, some process going 
on within the cell which tends to maintain this transfer of 
charge from the negative pole to the positive pole witAin the 
cell, and from positive to negative outside. This is called the 
electromotive force, or E. M. F. of the cell. 

In the external conductor, as well as in the liquid of the 
cell, there will be a fall of potential in the direction of the 
current flow, and at the interface between the zinc plate and 
the liquid there will be a rise in potential, due to a transfor- 




mation of chemical enei^. The potential-resistance relations 
throughout the entire circuit are illustrated in Fig. 49.^ At 
the zinc-liquid surface there is a sudden rise in potential oA. 
Through the liquid resistance b there is a fall of potential fe. 
Also, there is a fall of potential ed at the liquid-copper surface, 
and a further drop dc through the external resistance R. In 
this figure, vertical distances represent potential differences, 
and horizontal distances represent resistances ; hence, it is 
clear that the slope of the lines he and da' is measured by the 
ratio of potential difference to resistance respectively. This 
elope is then equal to the current flowing, and since the cur- 

' Figure 49representB n special case where the Una ga', parallel to be, InMr- 
cepta the line ah at tbe point ff, BO that gh >=/e. In genenl this line will not 
cut ah at V. but at eome point which ma7 be called g'. Tbe atadent BbouM 
draw other elmilar figures with A mucb larger and much gmatler than the 
battery resistance. 
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rent is constant in all parts of the circuit, the angles and ff 
are equal. The maximum effective potential difference E, or 
the total E. M. F., is given by the equation 

(2) oA — ed = cd + e/, 

while the potential difference effective in the external part of 
the circuit, or E', is represented by cA. 
From similar triangles it then follows that 

e^_a^ ■ 
cd aj ' 
or, 1^ composition, 



vbenoe 

,,. E _R±b 

or 

(4) ^ ^-'sfa- 

The quantity E' is c^led the terminal potential difference and 
it is seen that E' will approach E as b diminishes in value, or 
as R becomes so great that in comparison with it b may be 



When a potential galvanometer is connected across the 
terminals of a cell which is not delivering current, the ob- 
served reading E is the E. M. F. of the cell, or -^ 
the open-circuit potential difference. If, with- p\.A/ 
out removing the galvanometer, a resistance 
R, Fig. 50, is connected across the battery i 
terminals, a current will flow, and the gal- I | ""l 
vanometer reading E will be less than before. ft\ 
This decrease will go on as the value of jB is La/s^^^^-J 
made less, until when R = 0, that is, when the ^^''' '*" 
cell is rfiort-eircuited, the galvanometer will show no deflection 
whatever. The potential galvanometer shows, for any value 
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of B, the then existing potential difference at the ceU terminais, and 
this may vary from the value of the E. M. F. of the cell to zero. 
For any value of E the current flowing ia given by Ohm's law 
in the form 

1? "^' 

(6) E = ib + iB. 
The term iS is equal to E', whence 

(7) E' = E-ib. 

Solving equation (7) for b, the internal resistance of the cell, 



(S) 



(9) 

Since galvanometer deflections are proportional to potential 
differences, equation (9) may be written in the form 




(10) 



The preceding equations hold not only for the voltaic cell, but 
also for any other form of generator. The battery resistance 
will not be constant for all values of current, and in stating 
the value of the internal resistance, the current output must 
be specified. ' 

The £. M. F. may be expressed in teims of the work done 
in conveying a unit charge once around the entire circuit. 
Referring to Fig. 49, the work done by the cell at the inter- 
face between the zinc plate and the liquid is proportional to 
line ah. On the same scale, fe represents the work done by 
the current against the ohmic resistance of the electrolyte. 
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The current does work proportional to ed at the liquid-copper 
surface, and a further amount of work proportional to dc ia 
done in the external resistance B. For one snch cycle the 
hattery must supply an amount of energy proportional to the 
difference between ah and ed, or cd + ef. The work available 
for the external circuit is only that which is proportional to 

The entire circuit, including the battery resistance, may be 
regarded as divided into small portions. Then across the ter- 
minals of each portion there will be a certain potential differ- 
ence, or potential drop, which will vary for any given portion 
with the value of the current Sowing. The algebraic sum of all 
these differences of potential over the entire circuit will give 
the value of the E. M. F. 

In order to avoid confusion, it is customary to use the term 
potentiai difference, or potential drop, with reference to certain 
limited portions of the circuit, and to reserve the expression 
electromotive force for that maximum value of the terminal 
potential difference which the generator yields when measured 
with no current flowing. Invariably when a current is flowing, 
some part of the E. M. F, is required to overcome the effective 
internal resistance of the generator, and the available potential 
difference of the terminals is always less thaji the E. M. F. by 
this amount. 

81 Battery Resistance. It is important to note that the 
quantity b, which has been called the internal resistance of 
the battery, is not a constant, but varies more or less with the 
current drawn from the cell. Some batteries (e.g. the gravity 
type) show a decreasing resistance with an increase in current. 
Some have a high polarization {e.g. the dry cells), which tends 
to increase with the current output. The back E. M. F. of 
polarization opposes the E. M. F. of the cell, and the resultant 
or effective potential difference is decreased. The effect is 
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the same as that of an increased internal resistance, and the 
values of b calculated from equation (8) are apparently 



The temperature coefficient of the internal resiatance is 
large, and the total ampere-hour output of the cell also affects 
ita value. The quantity b is an important one, and it ia treated 
as a resistance ; properly it should be called the effective resist- 
ance of the cell. A complete study of a battery cell involves 
the determination of several factors which will be considered 
a^in in g 89. 

86. Laboratory Exercise XV. To tAudy the variation in the 
potential difference at the battery terminals, and to find the internal 
reaiatance of the battery ceUby the galvanometer method. 

Afpabatus. Potential galvanometer with shunt and high- 
series resistance, reversing switch, resistance box, tap key, and 
one gravity cell. 

Procedure (1). Arrange the circuit as in Vig. 51. Adjust 

the galvanometer to zero and ohoose such values for the shunt 

-_ S and the series resistance R' that the 

\£/~| I deflection dj will be about full scale 

with K open. The series resistance 

g should be at least a thousand ohms. 

(2) Make A = 200 ohms, close the 

key K, and read the deflection dg. 

Make R smaller, decreasii^ by ten 

1 B ^ steps until zero is reached, choosiog 

' •v.'vN/wvN. — ' the steps ho that the deflections de- 

"■ crease by approximately equal inter- 

vals, and read the deflection for each step. The connecting 
wires from R to the battery should be as short as possible. 
Why? 

(3) Tabulate values of R, right and left galvanometer deflec- 
tions, and mean deflections. The deflection rf, is proportional 
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to the E. M. F. of the cell. The other deflections aie proportional 
to the reepective values of the terminal potential difference. 

(4) Plot a curve with values of jB 38 absciBsas, and defiec- 
tions a9 ordlnates, d^ being the maximum value of the eeriee. 
State what inference may be drawn from this curve. Locate 
on the ^xiB a point at di/2. Project this point on the curve 
and read the corresponding value of R. Show that this is ap- 
proximately the battery resistance. 

(5) Calculate from eq^uatiou (10) the value of the battery 
resistance, choosing several different values of dy If this is 
not a constant, account for its variation. 

66. Laboratoiy Exercise XVI. To measure the internal rey 

tistance of a baUery by llie vc^tmeter-ammeter method. 

Apparatus. Voltmeter, ammeter, battery to be tested, con- 
trol resistance, and tap key. 

Procedure. (1) Arrange the circuit as in Fig. 62. B is a 
control rheostat, the resistance of which need not be known. 
With K open, read E on the voltmeter, 
which gives the E. M. F. of the cell. Close 
K, having adjusted R so that the range 
of the ammeter is not exceeded, and ^ain 




take the voltmeter reading E', simulta- 
neously reading the current (. 

(2) Take several sets of E and i values, 
and calculate the value of b from equation 
(8). In case the battery consists of more 

than one cell, for example, a storage battery, the value of 6 
determined above is the sum of the internal resistances of 
the several cells. The mean value for one cell is, however, 
readily calculated. 

(3) If ston^e batteries are under teat, E may be the poten- 
tial difference measured wjiile the battery is being chained, 
the chaining current i being read at the same time. Then, 
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' with the charging cunent cat off, E" is the terminal potential 
difference. The internal resistance is then given by equation (8) 
The difference between the two voltages is that required to send 
the current i through the internal resistance of the battery. 

87. Laborat<»7 Exercise XVII. To compare dedromotive 
forces by the condenser method. 

Apparatus. Ballistic galvanometer, standard condenser, 
three-way discharge key, standard cell, and battery to be 
tested. The theory of the ballistic 
galvanometer and condenser will be 
given in subsequent chapters. 

PaocBDUBK. (1) Arrange the cir- 
cuit as in Fig. 53, with a standard 
cell at B. Charge the condenser by 
pressii^ the key to b, then discharge 
it by raising the key to o, and read 
"" the deflection d,. 

(2) Replace the standard cell by the cell to be tested and 
repeat (1), reading the deflection dj. 

(3) When the condenser is charged, the quantity is given 
by the equations 

(11) Q, = Gd, = CV„ 
and 

(12) (3,= (?A=Cn, 

where Qi and Q, are the quantities stored in the condenser 
when charging potentials Vi and Vt are impressed. The cor- 
responding deflections are d, and d, respectively, and 6 is the 
constant of the galvanometer. Then, from (11) and (12), we have 

(^'> 7:-l- 

(4) Calculate the value of the unknown E.M.F. from 
equation (IS). 
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88. Laboratory Exercise XVm. To measure the internal 
resistance of a battery by the condenser method. 

Apparatus. Aa in Laboratory Exercise XVII, % 87, tt^etlier 
with a resistance box and a tap key. 

Pbocbbukk. (1) Arrange the circuit as in Fig. 54. With 
& open, press £* to 6 for an instant and then raise it to a. 
Bead the deflection on the gal- 
vanometer d,. 

(2) With k closed, set £ at 
some low value, and repeat the 
procedure of (1), reading the 
deflection dj. Repeat for sev- 
eral different values of B. 

(3) Calculate the value of 6 
from equation (10), Each de- 
flection used in the formula 

should be the mean of several observations. Tabulate all data 
and results. 

This method is most reliable when the battery is one which 
does not polarize rapidly, and which has a high internal re- 
sistance. If a standard condenser of low value is used, the 
charge flowing into it will not appreciably polarize the cell. 

89. Test of a Primaiy Cell. The two chief characteristics 
of a battery cell are its £. M. F. and its internal resistance. 
In general, that cell is most useful in which the E. M. F. is 
high and the internal resistance low. There are three differ- 
ent tests to which a battery must be subjected in order to 
investigate systematically and completely its quality and use- 
fnlneas.' These are: (1) the Hme test, (2) the life te^, and 
(.^) the efficiency test. 

The time test shows : (a) iJie decrease in E. M. F. due to 

polarization, together with the rate of this decrease when the 

1 For standanl metbods ol testing dry calls, see Pitoc. Ak. Elictkci- 

CBBMICAL BOCIBTY, TOl. 21, p. 2TE, 1912. 
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oell ia kept for a given period on closed circuit throi^h a 
specified resistance ; (b) the rate and extent of recovery from 
polarization; (c) the terminal potential difference when the 
cell is closed through a fixed resistance. 

The life teat is quite the same as the foregoing, except that 
the polarization is allowed to continue until the E. M. F. has 
been reduced to at least half of its initial value, after which 
the recovery is observed for a similar period. 

The efficiency test shows : (a) the ratio of the quantity of 
electricity obtained from the cell by the consumption of a 
given mass of zinc to the quantity necessary to deposit the 
same mass in an electrolytic cell ; (b) the ratio of the enei^ 
available in the external circuit to that dissipated within the 
cell itself as heat. If these last two tests are carried out, 
they will work the cell to exhaustion. If the lirst of them 
ia carried over a period of perhaps an hour, it will give an 
accurate indication of the intrinsic worth of the cell. Hence 
it is the more common, and is frequently the only test made. 

M. Laboratory Exercise ZIX. To make a time test of a 
battery ceU. 

Apparatus. As in Laboratory Exercise XVIII, S ^> to- 

^r-^ gether with a watch. 

Pbocedukb. (1) Arrange the 
circuit as in Fig. 66. If a Le- 
clanch^ cell is used, make R about 
five ohms; if a dry cell is used, 
make R about half an ohm. With 



' k open, chai^ and discharge the 



^NA/W condenser by successively throw- 

"' ' ing £' to & and a. The observed 

deflection will be proportional to the E. M. F. of the cell. 

(2) The E.M. F. of the cell may be expressed in volts by 
means of a calibration curve for the galvanometer, which is 
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prepared as follows. Before begiimmg the test on the battery 
B, put in its place a standard cell, and note the galvanometer 
deflection d, using the same value of the capacity as that 
which will be used throughout the test On a sheet of cross- 
section paper, scale ofE one axis in volts and the other in de- 
flections, and locate the point corresponding to d and the 
E. M. F. of the standard cell. This will be one point on the 
calibration carve. If the deflections are strictly proportional 
to quantities of electricity, and hence to charging potentials, 
the curve will be a straight line passing through the origin. 
From this curve any value of the deflection may be read directly 
in volts. The scales should be so chosen that at least hun- 
dredths of a volt can be read. 

(3) Observing the exact time, close k and immediately 
charge and discharge C as before, observing the deflection d^ 
The terminal potential difference can then be taken from the 
calibration curve. Keeping 1e closed, again read d^ after an 
interval of two minutes. After four minutes, open h for a 
very short time, just long enough to manipulate the key K, 
and observe another value of di, which gives the open circuit 
voltage at that time. After six minutes take a reading of d, 
as before, and after eight minutes with k open for an instant, 
take another reading for dy. 

Continue in this way for one hour, taking readings of the 
open-circuit voltage every four minutes, in order to get the 
decrease due to polarization. Alternate with these, also at four 
minute intervals, readings for the terminal potential difference. 
The key k will be left firmly closed except at the appropriate 
fouT-miuute intervals, when it is opened for a second or two in 
order to secure the open-circuit readings. A convenient form 
for jk is a spring tap key, making contact on the upper points. 

(4) At the end of the hour, open A: and continue the read- 
ings as before, in order to determine the rate and the extent 
of tie recovery from polarization. For the first quarter of an 
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hour of recovery readings should be taken every two or three 
minutes. For the rest of the period, or until the recovery curve 
ceases to rise, longer intervals will suffice. Avoid closing the 
circuit containing the battery under test until quite I'eady to 
begin counting time. 

(5) Calculate from equation (10) the internal resistance of 
^e cell for ten or more sets of values of E and E". Also cal- 
culate the same number of values of the current strength by 
dividing the respective valaes of the terminal potential differ- 
ence by the external resistance B. 

(6) Tabulate in full the values of time, d„ dt, open-circuit 
voltage, terminal potential difference, internal resistance, and 
current 

Tabulate, also, values of time, deflections, and voltages dur- 
ing the recovery period. 

(7) On a sheet of squared paper choose a suitable time scale 
along the ^^asis, and along the i/-axis arrange three scales of 
suitable range for voltage, resistance, and current. Plot five 
curves : (1) open-circuit E. M, F,, (2) recovery, (3) terminal 
potential difference, (i) internal resistance, (6) current. It 
is customary to start the recovery curve at the last reading of 
the polarization curve, running it toward the left, above the 
polarization curve. 

Discuss the curves and state what inferences may be drawn 
as to the excellence of the cell. 
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Part II. Potbntiombtbes 

91. General PrincipleB and Simple Circuit. Perhaps do 
allele inBtmment ia capable of more general application in the 
electrical laboratory tliaa the potentiometer, which ia, as its 
name implies, a, device for measuring potential differences. 
A simple form of potentiometer circuit is shown in Fig. 66. 




A imifonn, homogeneous wire PP", usually a meter or more 
in length, is stretched over a graduated scale, and connected 
in aeries with a constant battery WB, called the working 
battery. An adjustable reaistanee R is introduced for the 
purpose of controlling the potential difference between P and 
P. This resistance, as well as the wire, must be so chosen as 
to carry the necessary current without sensible heating. A 
double-pole, double-thiow switch U enables either a standard 
cell S or the test cell .E to be connected to the points VYi- 

Let us suppose (1) that the potential difference between P 
and P' is greater than that of the cell S, and (2) that the 
circuit is so arranged that the poles of the working battery 
and iS are opposed. Then, if the switch U ia on the points 1, 
1, it will be possible to find two points Fand Vi on PP', such 
that the fall of potential between them is just equal to the 
pot«ntial difference at the terminals of S. In this case no 
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current will flow through the galvanometer g, and the circuit 
is said to be compensated or balanced. 

If the current flowii^ through the wire is constant, the 
potential difference between V and Vi is proportional to the 
resistance of the wire included between these points, and if 
the wire is uniform and homogeneous, the resistance is propor- 
tional to the lei^th. Hence, the distance di between V and 
Vi, read on the scale under the wire, may be assumed to be 
proportional to the valoe of the potential difference at the 
terininals of the standard cell S. 

If the switch U is thrown across the points 2, 2, any other 
potential difierence, such as E, may be balanced against the 



w.£. 




Fio. 86 (repMted). 



&]1 of potential along S' 
we have the relation 

(14) 



e other length of the wire dg. Then 



E dt 
S^d,' 



whence the value of E is found to be 

(16) ^ = *f- 

The method may be simplified and the apparatus made to 
read directly by the followii^ procedure. Fix F'at the point 
P, and graduate the scale into 1600 parts, with the zero at P 
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and the 1500 mark at P'. Asaume that we are using a Clark. 
cell, for which the voltage, corrected for temperature, is 1.432. 
Set the point V, at the scale division 1432, taking care that 
the conditions 1 and 2, as given above, are fulfilled. Adjust 
R until the galvanometer shows no deflection. Then the 
potential drop along the wire, which is directly proportional to 
the distance from P as read on the scale, is just equal to the 
known voltage of the standard cell. Assumii^ the constancy 
of this adjustment, values of potential difference may be read 
directly from the scale. 

The great utility of the potentiometer lies in the fact that 
it may be used to measure current strength and resistance, as 
well as potential difference. The strength of a current is 
determined by finding the potential drop between the ter- 
minals of a standard resistance while the current is fiowing 
through it. A resistance is measured by comparing the poten- 
tial difference across the unknown resistance with that across 
a known resistance, both carrying the same unvarying current. 

It is thus seen that all of these measurements are really 
referred to the E. M. F. of a standard cell and a standard re- 
sistance. These two quantities have been so thoroughly studied 
that the greatest confidence is felt in their correctness and 
permanence, provided that temperature corrections are prop- 
erly applied. 

A distinct advantage of the method is that the standard cell 
is 80 used that at the moment of balance no current whatever 
is being drawn from it. Hence precise results uninfluenced by 
polarization can be obtained. Furthermore, at the instant of 
balance, the lead wires do not carry any current, so that errors 
due to potential drop or contact resistance do not occur. 

92. A Resistance-box Potentiometer. The long wire of the 
simple potentiometer may be replaced by a pair of resistance 
boxes, in which case a greater degree of precision may be attained. 
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The circuit of Fig. 57 aWwa sncli an atrangement The 
-working battery WB is placed ia seiies with two resistajice 
boxes Ri and Ri, each of 10,000 ohms or more. The sum of Ri 
and Rt must be kept constant. A standard cell S with its 
poles opposed to the working battery is connected in series 
W.B.\ . 




with a galvanometer across the terminals of R^. If the E. M. F. 
of the standard cell is less than the potential drop along PP", 
some value of Rj can be found for which the potential drop 
measured by iRi is just equal to the E. M. F. of S. For this 
value of Ri there will be no current through the galvanometer. 
For every change made in J^ an equal compensating change 
must be made in J^. 

It is convenient to use two boxes with the same range for fi, 
and Ri, and also to start with all the plugs out of Ri and with 
^ = 0, increasing iZ, until a balance is found. A high re- 
sistance of 10,000 ohms should be placed in series with S, 
and the key E should be tapped cautiously, until it ia seen 
that the deflection is not goii^ to exceed the range of the scale. 
When a balance is nearly reached, the high resistance may be 
removed. 

With suitably chosen resistance boxes, a high degree of pre- 
cision is possible. The double adjustment is tedious, however, 
and more convenient arrangements are found in the commer- 
cial types, which are described in g§ 94 and 96. 

93. Laboratory Exercise XX. To measure electromotive 
firce with the simple potetUiometer and with the reei^ance-box 



b,G(>oglc 



Ill, 503] POTENTIOMETERS 127 

Appabatus. storage battery and control rheostat, long 
wire on baseboard with scale, standard cell, cell to be tested, 
three reaistance boxes, galvanometer, connecting wire, and tap 
key. 

Pbocbdure. (1) Arrange the circuit as in Fig. 66, with the 
standard cell in series with the galTanometet. Tap the con- 
tact key at extreme ends of the wire and note whether the 
galvanometer reverses. If no reversal occurs, iaterchange the 
terminals of the standard cell, or increase the voltage at PP". 
Find the point on the wire for which no deflection occurs, and 
read this position on the scale. Replace the standard cell by 
the cell to be measured and again read the position of the 
contact for no deflection. The ratio of these two readings 
will give the ratio of the electromotive forces of the two cells. 

(2) Make the potentiometer direct reading as explained in 
§ 91, and again measure the E. M. F. of the test cell. 

(3) Note carefully by how much the position of the contact 
point can be shifted without disturbing the balance, and state 
the probable precision of the settings. Each determination 
should be the mean of several readings. 

(4) In place of the long wire, connect two similar resistance 
boxes (Fig. 57), and remove all the plugs from one box, say Bj, 
With the galvanometer and standard cell connected across A,, tap 
the key and note the deflection. Make Bi low and iJ, high, agaiji 
tap the key, and note whether the galvanometer reverses its de- 
flection. If a reversal does not occur, the circuit is not properly 
arranged. Adjust Ri and B, until the deflection is zero when the 
key is tapped, and read Rj. Replace the standard cell by the test 
cell and repeat the procedure. The ratio of the values of R, 
will give the ratio of the electromotive forces of the two cells. 

(5) As in (3) above, note how much S, must be changed in 
order to cause the least observable deflection on the galvanom- 
eter. After calculating the unknown E. M. F., discuss the 
precision of the results by the various methods. 
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94. The Wolff Potentiometer. The circuit of the Wolff 
potentiometej is sbomi in Fig. 58, and a, conventionalized dia^ 
gram of it is shown in Fig. 59. In order to understand this 
eircuit, refer again to Fig. 66, and fix clearly in mind the fol- 
lowing points : 




(1) The potential drop between P and i^ must be greater 
than the potential difference to be measured. 

(2) The terminals of the same sign must be connected to 
the same side of the circuit. 

(3) However the contact points YV^ are moved, or wher- 
ever they are applied along PP', the total resistance of PP', 
and also the current strength through PP", must remain 
constant. 

In Fig. 69, WB is the workii^ battery, B is a control 
resistance, and PP" can be readily traced. The upper and 
lower contact points, represented by the arrowheads, are 
connected mechanically, but they are electrically insulated 
from each other. When any one of the switches Fj, V„ or F^ 
is moved to the right, the effective resistance between Fand 
Fi is diminished. The total resistance PP' is kept constant, 
however, since a compensating increase is effected by the slid- 
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ing of the upper arrowheads along the resiatance ■wire. Oa 
the other hand, if any one of the switches V^, V„ or V^ is 
moved to' the left, the effective resistance between V and Vi 
is increased ; but the total resistance PP' is kept constant by 
a compensating decrease along the upper branch. With this 
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arrangement, we can keep PP' constant, while varying the 
potential difference between V and Fi through any value from 
zero to the maximum potential drop along PP". 

The circuit of this potentiometer, as actually arranged for 
use, is shown in Fig. 58. The corresponding points in Figs. 
68 and 69 are similarly lettered. The working battery and 
galvanometer will be connected as indicated, with the standard 
cell and the unknown potential difference at E and at X, 
respectively. Either E ot X may be thrown into the circuit 
by the switch, as desired. In series with the working battery 
is a control resistance adjustable to one tenth ohm or leas. 
Any .sensitive galvanometer will suffice, although for rapid 
work a critically damped d'Arsonval is most convenient. The 
woikii^ battery should be one or more storage cells in good 
condition, and carefully insulated. Dry cells may also be 
used, inasmuch as the resistance in series with them is high. 



b,Googlc 



130 POTENTIAL DIFFERENCE IIII, { 96 

9S. Laboratoiy Exercise XXL To compare eUctromotive 
/orc«s with the Wolff potentiometer. 

Appabatus. Potentiometer, stora^ battery or other cells, 
control resistance, galrajioineter, standard cell, and cell to be 

tested. 

It will be seen by reference to Fig. S8 that the resistance 
of the potentiometer coils in series with the working battery 
is made up of fourteen 100(k>hm coils, nine lO&ohm coils, nine 
lO-ohm coils, nine 1-ohm coils, and nine 0.1-ohm coils, making 
a total of 14,999.9 ohms. 

PBOCEDuaE. (1) Connect a two-volt storage battery and a 
control resistance to the working battery terminals PP', with 
a standard cell and the test cell at E and X, respectively. 
Insert the galvanometer at the place indicated. Put the battery 
switch on E and the galvanometer switch on the 100,000-ohm 
point 

Kote the temperature of the standard cell and compute the 
correction, if any, setting the dial switches V, Vi, V^ Pi, and 
F4 to read the corrected value. Adjust the control resistance 
until the galvanometer deflection is small when the key is 
tapped. 

Beduce the high resistance to 10,000 ohms, or, if necessary, 
to zero, in which case the switch rests on the left-hand point. 
Then continue the adjustment of the control resistance until 
tliere ia no deflection when the key is pressed. 

When this adjustment has been made, the dials read the stand- 
ard cell voltage directly, because the working current through 
PP' has been adjusted to such a value that the potential drop 
akmg one of the lOOO^hm coils is 0.1 volt, along one of the 
100-ohm c^ils is 0.01 volt, etc., each of the other dials reading 
the next figure in turn. 

(2) Set the battery switch at X and adjust the dial switches 
until the galvanometer shows no deflection, using the high 
resistance as before until near a balance. The value of the 
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potential difference at X may then be read directly to the fifth 
place of decimals. 

It is well to check frequently the eorrectneas of the standard 
cell adjustment. 

With this arrangement the highest voltage that can be measured la 
1.49999. However, U the working battery voltage is made ten timea tm 
great, it is evident that the potential drop in Fmay be made one volt fur 
each 1000-ohm coil, and similarly, tlie drop along any other set of colls 
will be iDcreased teniold. In this case any voltage up to 14.9099 may 
be read directly. In caae higher voltagea than this ate to be measured, 
a volt box must be used, as described in § 99. 

96. The Leeds and Northrup Type JC Potentiometer. This 
instrument is somewhat simpler in design than the one de- 



scribed in § 95, and has some superior features. An exterior 
view of the apparatus is shown in Fig. 60, and the complete 
working circuit is shown in detaD in Fig. 61. The working 
battery is shown at W, Fig. 61, In series with this are the 
control rheostat B, a set of resistance coils at D whose func- 
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tion will be explained later, fifteen coils of exactly five ohma 
each, and a manganln wire CB, which also has a resistance of 
exactly five ohms. This wire is wound upon a marble cylinder, 
and a sliding brush Af' makes contact at any point along it. 
If now the resistance of B is so adjusted that the current from 
W^ through DACB is 1/60 ampere, there will be a potential drop 
of 1/10 volt across the terminals of CB, and also across the 
terminals of each coil in AC. The wire CB is about 190 inches 
long, and it is wound in ten turns about the cylinder. Whence 
there is a potential drop in the length of one turn of 0.01 volt. 
By means of the scale and inde:£ on the glass plate in front of 
the cylinder, 1/100 of a turn is easily read, the potential drop 
over this portion of the wire being 0,0001 volt. One tenth of 
this subdivision, which corresponds to 0.00001 volt, may be 
estimated. The vertical scale on the glass plate gives the 
number of turns, and the scale on the horizontal circle of the 
revolving hood gives the fractions of a turn. 

Between the points M and M' (Fig, 61) the potential drop 
is 1.2 Tolts plus the drop along the wire from C to M', which 
may be read, as shown above, to 0.00001 volt. The contact 
points M and M' are both adjustable, and may be set on 
extreme positions A and B, respectively, between which points 
the potential difference is 1.6 volts. Now let the points Jtf 
and M' be connected through the right-hand points of the 
double-pole, double-throw switch U, in opposing series with 
the E. M. F. to be measured and with a galvanometer (Fig. 61). 
Any potential difference up to 1.6 volts may be compensated, 
the galvanometer showing no deflection when the drop along 
the potentiometer circuit equals the applied £.M. F. If the 
current has been maintained constant at 1/60 ampere, the 
value of the unknown E. M. F. may be read directly from 
the position of the switch points JIf and M'. 

To insure that the current remains constant at the required 
value, a standard cell ia used. In Fig. 61, a permanent con- 
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QectioQ IB seen a,t 0.5, leadii^ to the switch U, thence to the 
standard cell, and to the point T. Between points 0.6 and 1.5 
there is a potential difFetence of just one volt, and the coils 
to the left of A are arranged so that corrections may he made 
for alight changes in the E. M. F. of the standard cell due to 
variations in temperature. 




Fio. 61. 



Befeiring ^ain to Fig. 61, suppose the plug to be removed 
from the socket marked 1 and to be inserted in the socket 0.1. 

The effect of this is to throw the ahunt S across the entire 
potentiometer circuit, and at the same time to introduce at K 
a, series resistance. The values of 5' and K are so chosen that 
the total current from W remains unchanged. The shunt S 
is of such value that the current through DACB is just 1/10 
as great aa before, which means that the potential drop across 
any given resistance is likewise 1/10 as great aa before. This 
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enables low potential differences to be read, from 0.15 volt 
do-wnward by steps of 0.00001 volt Series resistance coils 
are introduced at F' to safeguard the galvanometer against 
an excess of current. 

97. Laboratory Exercise XXIL To compare ^ectromotive 
forces toith the type K poterUioTneter. 

Appakatus. Potentiometer, control rheostat, and working 
battery of one or two cells, Weston standard cell, galvanom- 
eter, and E. M. F. to be measured. 

Procedure. (1) With the plug switch in socket 1 (Fig. 
61), connect the working battery and the control rheostat to 
the proper terminals. Connect also the standard cell, the 
E. M. F. to be measured, and the galvanometer, as shown in 
Fig. 61. 

(2) From the certificate accompanying the standard cell 
ascertain its correct voltage and set the dial switch T to cor- 
respond. With U and V on the left-hand points, tap the key 
and adjust R until no deflection occurs on the galvanometer. 
Make the final adjustment of R with V on the right-hand point. 

(3) Throw U to the right-hand points and V to the extreme 
left, tap the key, and adjust the dial switches M and JW until 
the galvanometer deflection is small. Throw V to the right 
and complete the adjustment for no deflection. The perma- 
nency of the correct working conditions should be frequently 
checked by throwing £7" to the left and tapping the key. 

(4) For measurii^ a small voltage, less than 0.15, change 
the plug from position 1 to 0.1, and proceed as before. 

(6) For high volt^es, greater than 1.5, use must be made 
of the volt box, as explained in § 99. 

98. Laboratory Exercise XXm. Tb measure current strength 

tnitk the potejUioTneter and to Galibrale an ammeter. 
. AppABATua. Potentiometer, two separate storage batteries, 
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control resistajice, galvanometer, standard cell, one or more 
standard resistance eoila, rheostat, and ammeter to be cali- 
brated. 

Pkocedukk. (1) The arrangement of the apparatus is as 
shown in Fig, 62, The battery B is sending current through 
an adjustable rheostat R, an ammeter ,^_^^_ 

Am, and a standard resistance r, . — d^ v's/vvv 

which must have a sufficient current- | , .'"^ , S\ j | 

carrying capacity so that overheating I T 1 ' 

will not occur. The terminals of r 
will be connected to the test circuit 
of the potentiometer. For some value 

of the current as read on the ammeter, the potential difference 
at the terminals of r will be measured in terms of a standard 
cell. This value of the potential difference divided by the 
known value of r will give the value of the current flowing. 
If this is not in agreement with the ammeter readii^, the error 
of the instrument is apparent, 

(2) Investigate in this way the scale of the ammeter at four 
or five points. 

Plot a correction curve, that is, a curve showing the relation 
between the observed ammeter readings and the instrumental 



; H 



Iq general, the current through a tenohm standard coil 
should not exceed 1/10 ampere ; throi^h a 1-ohm coil, 1 
ampere; and through a 1/10-ohm coil, 6 amperes. These 
values are reasonable if we assume that the coil is open to the 
air. When oil- baths are used, the current capacity is much 
higher. 

Ammeters of- the raoving-«oil type are subject to various 
errors, chiefly due to transportation or accident, temperature 
effects, or local magnetic fields. Hence, they require frequent 
calibration. For this purpose, the potentiometer method is 
well suited. 
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99. The Volt Box. When a constant curTent is flowing 
thiongli a resistance, the potential drop between any two 
points is directly propor- 
tional to the resiBtance in- 
cluded between these points, 
. If a potential difference is 
applied at AA (Fig. 63), 
the fraction of it which ex- 
ists across AS is one tenth 
^**' as great, provided that the 

resistance between A and B is one tenth of R. Accordingly, 
any desired fraction of the impressed voltage may be secured 
by adjusting the contact point S. This exact ratio only holds 
when no current is drawn from the derived circuit. 

Any good resistance box provided with sockets and travel- 
ing plugs can be used as a volt box, but it is frequently con- 
venient to have special designs for special purposes. Two 
such special volt boxes are shown in the accompanying illus- 
trations. In Fig. 64, the resistances of a, h, and c are respec- 
tively 200, 1800, and 18,000 ohms, the total resistance being 
20,000 ohms. With the switch 
on 1, the voltage at P 
one tenth of that impressed 
at Y, while with the switch 
on 2, the » 
hundredth i 

This is the arrangement of 
the volt box used with the type K potentiometer^ 

A slightly different arrangement is shown in Fig. 65. The 
resistances of a, h, c, d, and e are respectively 0, 100, 900, 
9000, and 90,000 ohms. Hence, with K connected at j», the 
derived voltage at P is one tenth of that impressed at Y. The 
contact K may be moved to gi or r, in which case the voltage at 
P is .01 or ,001 of that impressed at Y. This is the cir- 
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s voltage at P is one r-\ 

dth of that at Y. ^ 
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Guit for the rolt box used vitli the Wolff potentiometer. It 
differs from the other type in that the switch controls the 
position of the impressed voltage terminals instead of the 
derived voltage terminals. 




Question. Suppose a voltmeter is placed across P (Fig. 
65), in order to measure the derived voltage. Will the volt- 
box ratios yield strictly accurate results? Are the ratios 
strictly accurate when used with a compensation scheme, as 
in the potentiometer? 

100. Laboratory Exercise XXIV. To measure a high volt- 
age rvith the potetUioineter, and to <xdibrate a voltmeter. 

Apparatus. Potentiometer, constant working battery and 
control resistance, galvanometer, standard cell, volt box, volt- 
meter, and suitable source of E. M. F. 

Pkocedube. (1) The voltage to be measured is impressed 
across the terminals V, Fig. 64 or Fig. 65, and the termioaJs P 
are connected to the potentiometer test circuit. The poten- 
tiometer reading multiplied by the factor of the volt box will 
give the desired voltage. 

(2) Take readings for three or more points on the voltmeter 
scale, and plot a curve showing the relation between true 
volts and scale readings. This is called a calibration curve. 
When great precision is desired, it is better to plot the errors 
of the scale as ordinates against observed volts. 
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101. The Comparison of Resistances with the Potentiom- 
eter. The resistance to be measured is connected in series 
with a standard resist- 
ance, an unvarying cur- 
rent is passed through 
both of them, and po- 
tential wires are taken 
from the terminals of 
^'*'- ^- each in succession to 

the test circuit of the potentiometer. For a constant working 
battery, the potentiometer readings will be respectively pro- 
portional to the resistances, whether or not the instrument 
has been adjusted to read volts directly. For precise compari- 
sons the standard resistance and the resistance to be measured 
must be immersed in oil baths, and the temperature must be 
carefully controlled and read. 

For measuring high resistances or those of medium value, 
this method offers no advantage over the Wheatstone bridge. 
For small resistances, however, the advantage is great, since 
it is a zero method and contact resistances are avoided. 

The accuracy of a standard resistance may be checked by 
usii^ a circuit arranged as in Fig. 66. A constant battery B 
sends current through the resistance to be tested r, and through 
a silver voltameter V (§ 113) in series with it Potential 
wires are taken from the terminals of r to the test circuit of 
the potentiometer, and the strength of the current is found 
from the mass of silver deposited on the cathode. The resist- 
ance of r is then calculated from Ohm's law. 
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CHAPTER IV 

ELECTRIC CURRENTS 

102. Current Strength. The pheaomenoii of cnrrent ia the 
phenomenon of the flow of electric charge. Current strength 

is defined as the time rate of Jlow of charge along a conductor. 
If the current is constant, the charge wh'ch passes in time t 
seconds is given by 

(1) «-", 

whence 

(., .=f 

However, when it is desired to examine in a general vr&y all 
possible phases of a changing state of flow, it is necessary to 
introduce instantaneous values. If dQ and dt represent small 
increments of charge and time, respectiTcly, the instantaneous 
value of the current strength ia given by the formula^ 



(3) 



dt 



In any event, it ia by means of the current that energy is 
transferred from the generator through the circuit, and 
liberated in one form or another, depending on the devices and 
equipment used. Hence, the measurement of current is a 
fundamental one in electric work. Since it is not easy to 
meaanre directly the simultaneous valuea of charge and time 

' It U here understood ihat the enrrent U the sBDie at the Mtme time 
evetywhere thrnii(rbaut the ciicoit; but io a large claea of problems deallnji; 
with variable currents, this Is not the case. For example, in cin-nita contain- 
log capacity, such as tnnamlsBiod lines, accoont most be taken ot the rate at 
Tariatton of the cnrrent strengtb with distance along the conductor. 
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in order to find their ratio, otter methods are sought, in which 
current strength is quantitatively associated with other phe- 
nomena which can be measured more readily. There are four 
such phenomena which always accompany the flow of current 
through a circuit, upon each of which methods of measure- 
ment are based : 

(a) The fall of potential through a constant resistance of 
known value, included in the circuit. 

(6) The force action of the magnetic field surrounding the 
corrent, on other magnetic fields. 

(fi) The heating effect, which appears when the terminal 
device transforms the energy of the current into heat. 

(d) The electrolytic effect, which occurs when the current 
causes a deposit of ions on the cathode of an electrolytic cell. 

103. Fall of Poteotial. Whenever a current flows through 
a conductor of constant and known resistance, there is a definite 
value of the potential difference at its terminals, which may be 
measured with a voltmeter. The value of the current is 
readily found by Ohm's law, and is 

(4) .-f 

This is one of the simplest methods of measuring current 
The scale of the voltmeter is really showing a deflection which 
is proportional to the current. An ammeter, if of the ahunt 
type, ia really a sensitive voltmeter which gives a deflection 
proportional to the fall of potential through a standard 
resistance. 

In many circuits the product of current strength and resist- 
ance ili is of great importance. For convenience it is called 
the potential drop, or the iR drop along the circuit. 

10*. The Magnetic Effect of the Current. The electric 
current through a conductor is always accompanied by a mag- 
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netie field in the region surronnding the conductor. A mag- 
netic pole placed in this field will be acted on by a force. By 
means of the action of this force on a magnetic needle the 
presence of a current in a condactor can be ascertained. 
Since the force is proportional to the current strength, it also 
affords a direct measure of the current strength. This magnetic 
force action does not depend upon the kind of conductor, but is 
present alike with metallic and with electrolytic conductors. 

The defiection of the magnetic needle when brought near to 
a conductor through which current is flowing was first ob- 
served by Oerated in 1819. This observation was quickly 
followed by the discovery that the force action is at right 
angles to the conductor, and in a plane perpendicular to the 
axis of the conductor. 

Laplace assumed that the magnetic Held strength dF, due to 
a current i, through a short element of length ds, is propor- 
tional directly to that length and to the strength of the cur- 
rent, and inversely to the square of the perpendicular distance 
from dg. He expressed this relation in the formula 

(6) dr=ki^-^ 

The unit of current strength is so chosen that ft = 1 , 

The relation expressed in equation (5) cannot be verified 
directly for short elements of the conductor, because steady 
currents can only be thought of as flowing in complete cir- 
cuits. If the expression for dF is integrated with proper 
regard for the geometric form and the extent of the conducting 
path, the derived results are fully confirmed by experimental 
tests. Such teste were first performed by Biot, Savart, and 
Ampere. Indeed, the magnetic field due to a long, straight 
wire was established by Biot and Savart experimentally before 
the general law of equation (5) was formulated. 

A conductor carrjong a constant current is to be thought of 
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as surrounded hj a magnetic field, the lines of force being 
represented bj concentric circles which lie in planes at right 
angles to the axis of the conductor. The direction of these 
lines is clockvise as one looks along the conductor in the 
direction in which the current Sows, and the strength of the 
field, or the force on a unit pole, is determined by integrating 
the e(iuation (5). 

106. The Magnetic Field due to a Long Strai^t Wire. 
The wire WW, Fig. 67, is assumed to be carrying a current i, 
in a direction vertically downward, 
the magnetic force at P being 
toward the reader. Let the per- 
pendicular distance from P to the 
. wire be denoted by r, and let I 
denote the distance from P to the 
short element of the wire da. If 
this element were at right angles 
""■ "'■ to I, the force dFp at P would be 

given by equation (5) ; but, since the efEective length of the 
element is d» cos $, we have instead 

(6) dFp = i~cosfl. 

The total force at P, due to that part of the wire above 0, is 
given by integrating both sides of (6) between the limits zero 
and infinity. The reeult must be doubled in order to include 
the effect of that part of the wire below 0. Remembering 
that cos = r/l, and that i is a constant, we may write 

(7) F, = 2l£'-d,. 
Substituting for I its value (r* + 8*)*, we find 

F.-llrf '^ , 
J, (,^ + ^)i 
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(8) y,-^- 

The work w done in moTing a unit magnetic pole once 
around a conductor carrying a current t is readily determined 
by multiplying the force as given in equation (8) by the 
length of path. Since the length of the circular path' is 2 ur, 
we have 



(9) 



W= — . 2 jrr = 4 X 



This result will be expressed in ergs when i and r are ex- 
pressed in C. G. S. absolute units. 



106. The Magnetic Field Strength at a Point in the Ads 
of a Circular Current. Let the points A aad B, Fig. 68, 




represent the intersections with the paper of a circular loop 
of wire, whose plane is normal to the plane of the paper. If 
the current is flowing in at £ and out at A, the lines of force 
will be represented by the concentric arcs. At P the force 
will be in a direction PB, tangent to the arc, and at right 
angles to AP. From equation (6), § 106, the force at P due 

1 The Integration la as follows: 
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to a short element ds, a.t right angles to the line AP, is given 

by the equation 

(10) dF=~- 

The oompoQent dF, of this force along the axis is giTen by 
the equation 



(11) dF, = 



■■ I 
irds 



(f + (P)l 

This being the force at P in the direction PE, due to an ele- 
ment of length ds, the total force at P in the same direction 
due to the entire loop is given by integrating both sides of 

(11) around the circle; whence we have* 

(12) F.= '^""'^ . 

(r» + d«)* 

If the loop is made up of n turns instead of one, the total 
force J'p at P in the direction of the axis is 

(13) Fp= ^""^^ . 

(r» + (P)i 

The component ED will be annulled by an equal component 
due to an element ds on the opposite side of the loop, and 
these components at right angles to the axis annul one 
another for every position about the axis. The only effective 
force is that along the axis as given by equations (12) and (13). 
If the point P is moved back to the center of the loop, d 
becomes zero ; hence, the force F^ at the center is 

(14) P, = 2£2i. 

1 TUb lategratlon, ^ce i, r, Bud d are all constant, U as follows : 

r. ^^ ("^ds i!^3.r.-3j:i^. 

(r«-|-(P)'«*' <f« + (P)* iT^ + dfi' 
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107. The Singte-coil Tangent Galvanometer. Let the 

direction of tlie magnetic meridian be represented by the line 
NS, Fig. 69. The points A and B represent the intersections 
with the plane of the paper of a 
circular coll of wire of n tuma, „~~^ 

whose plane lies in the magnetic 
meridian. A ma^etic needle na, 
of length I, is suspended by a fiber 
attached at o, which is at right an- 
gles to the plane of the paper. The ' 
horizontal component of the earth's 
field is denoted by ff, and the mag- 
netic force due to the current is 
denoted by F. 

The magnetic strength of the pole 
of the needle is denoted by m in 
C. G. S. units. There are two equal, 
oppositely directed forces Fm which 
act on the two ends of the needle, S 

and tend to turn it into a position °' ' 

parallel to the direction of the field. Moreover, there are two 
forces Hm acting on the poles, tending to restore the needle 
to its position of equilibrium.' The needle is, therefore, 
under the influence of two couples, the dejle(^ng couple and 
the reatoring couple. When the moments of these two couples 
are equal, the needle will take up some definite position, 
making an ai^le 6 with its original position in the magnetic 
meridian. 

Equating the two moments, we hare 




OB 



(15) 



Fml cos e = Hini sin 6, 



1 The anspeiiBion fiber also sapplies a restoring torqae, bnt this li a«8umed 
■mall SDODgh to be Delected In all cases except where the blgbest precleloD 
is requited. 
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wheoce, dividing by mZ cos 6, we find 

(16) F = Staiie. 

Substituting in (16) the value of F given hy equati(m (14), we 
have 

(17) ^^=HtaLa$, 
whence 

(18) ,=:^tan«, 

which may be written in the form 

(19) i = Etm 6, 
vheieK=Hr/(2^). 

This equation gives the value of the curreitt strength in 
terms of a constant and the tangent of the angle of deflection. 
For this reason, this form of galvanometer is known as the 
langent galvanometer. The current strength is expressed in 
absolute units when H and r are expressed in absolute unite. 
If I is to be given in amperes (see % 5), the equation becomes 

(20) i= 10 a: tan ft 

It will be seen that for any given instrument r and n will 
be constant, while for any assigned location H may be con- 
sidered constant during the time of using the instrument. In 
any single-coil tangent galvanometer the length of the needle 
must be small as compared to the diameter of the coil ; more- 
over, it must be carefully centered, for otherwise, as it is 
deflected, the poles pass into regions in which the field strength 
is not constant. 

The tangent galvanometer affords a ready means of compar- 
ing current strengths, or of measuring them in absolute units. 
At the present time, with high-^rade, direct-reading instru- 
ments, potentiometers, and zero methods, it is difficult to 
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appreciate the importance of the iaBtrument to the electrical 
laboratory of an earlier period. Its present uaefulneas lies in 
the illustration of fundamental principles, 
rather than in practical meaaurementa. /^^ 

106. The Double-coil Tangent Gal- 
vanometer. In the case of the aingle- 
coil tangent galvanometer it was assumed 
that the needle was short, and that it did 
not swing out of a \miform field at any 
time. By using twQ coils with their 
planea parallel, a much longer needle may 
be used, the field is more nearly uniform, 
and a greater precision may be attained. 
The general relations of the two coils 
AB and A'ff to the magnetic merid- (3) 
ians NS, and to the needle ns, are 
shown in T"ig, 70. The direction of 
the resultant field due to the current Is CD. 
each coil is at a distance d from the needle. 
(13) the force at the needle due to one coil ia 

(21) F= ^'^'^^'^ , 

where the symbols have the same meanings as in § 106. 
there are two coils in this case, the total force will be 




(22) 



4imir* 



An arrangement frequently used is that for which d = r/2. 
In that case, the equation (22) becomes 
4 irnii^ __ 32 mi 



!\4 5V6r 
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Since F = SUiii, we may write 



w '=^- 



(26) 
vhere 



With a large and accurately constructed instrument, r and 
7t are readily determined. It ia ■with instrumenta baaed upon 
extensions of these principles that absolute determinations of 
current strength are made. 

109. The Magnetic Field Strength at the Center of a Long 
Solenoid. Fig:ure 71 represents a section through a long sole- 
noid AA'/BB", of length L cm., radius r cm., wound with wire 



-r^^^^^^ 



of diameter x cm., and with n turns for each centimeter of 
length. It is desired te find the field strength at a point P 
in the center of the solenoid. The effect of the n' turns lying 
in the element of length aa', which is, for the present, con- 
sidei-ed very short as compared with L, ia given by equation 
(13) in the form 
(26) F-. 
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Since n' is the number of wire turns in a let^th mt', vnd.have 

aa' = n'x, 
provided the wire is closely wotmd, or 

(27) «'=2«:. 

Drawing a'c normal to aP, and writing the proportdons be- 
tween corresponding aides of the similar right triangles aa'c 
and aPe, we have 

(28) 22.' -,2?. 

We know by trigonometry that 

a'c = a'P ain d6. 
When d6 is small, a'P may be set equal to aP, and sin dfl may 
be set equal to d0. Making these substitutions, (28) becomes 

(29) a<.'=^. 
Hence, the value of n' in (27) becomes 

(30) "'-^- 
Putting this value of n' in (26), we find 
(31) 



(r*+£P)Sra5 
Moreover, it is evident that we have 

where n is the number of torna per c«titimeter on the solenoid. 
Whence the force at J* in terms of the number of turns per 
centimeter is given by the equation 
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To find tbe value of the field a.t P due to all the turns 
throughout the entire length of the solenoid, it is ueceaBary 
simply to integrate this expression with respect to 6 between 
the limits and r. Setting H equal to this value of the mag- 
netic field strength, we hare 



^fo'' 



(33) ff=i,mi. 

Remembering that n is the total number of turns divided 
hj the leugUi of the solenoid, equation (33). may be written in 
the form 

(34) H=iw^l 

It will be seen that the limits and ir for the angle 6 cor- 
respond to the assumed condition that L is very large compared 
tor. 

The value of H may be expressed either in dynes per unit 
pole or in lines per square centimeter. In case the current is 
measured in amperes, the equation (33) becomes 

(36) ^-ffi"'- 

Since this is the magnetic field strength or fins density at the 

center, the total fiux ^ through the solenoid is given by the 



where A is the area of cross-section of the coils. It is here 
assumed that the magnetic field is uniform over the entire 
area of the solenoid. When, for any reason, a magnetic field 

1 Ibis Integration is as follom ; 

f " Bin fl (« = f- cos fll " = 1 + 1 = 8. 
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of known strength is required, it is most frequently realized 
by meaos of the lopg solenoid earryii^ a known current. 

The magnetic field is uniform for a certain region near the 
center of the solenoid, but toward the ends it is no longer 
parallel to the axis, and its value is not given by equation (33). 
If the long solenoid is bent into a circular form with die ends 
joined, thus forming a toroidal coil, the end effects and the 
external field vanish, and the Imes of force are circles with their 
centers lying on tlie axis of the tore. If the wire turns are close 
together, the windings may be considered as forming approxi- 
mately a uniform current sheet, within which the value of the 
uniform magnetic field is given by equations (33)-(36). 

110. The Electrodynamometer. The electrodynamomeier 
is an instrument of great utility for the measurement of cur- 
rent strength, voltage, or power, in either direct- 
current or alternating-current circuits. For the 
present it will be treated as a current-measuring 
device. 

It consists essentially of two rectangular coils, 
connected in series, placed with their planes ^ 
tical and at right angles to one another, as shown 
in Fig. 72. One coil is fixed in position while the 
other is hung from a torsion head by a light fiber 
of silk, so that it is free to rotate about a vertical 
axis. A light spiral spring surrounds the sus- 
pending fiber, and is attached to the movable coil '"*' "' 
and to the torsion head. This spring furnishes the control for 
the suspended system. Electrical connection with the movable 
coil is provided by means of mercury cups, into which its ter- 
minals dip, and which are placed directly in a vertical line 
below the point of suspension. Some clamping arrangement 
is usually provided to prevent damage to the suspended system 
during transportation. 
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When current is passed through the two coils connected in 
series, their magnetic fields react to produce a torque, which 
rotates the movable eoil about its vertical axis. This torque 
may be opposed by twisting the torsion head and the attached 
spring through a certain angle, until the torsion of the spring 
just compensates the torque due to the reacting fields. This 
angle is read by means of a pointer attached to the head, which 
plays over a graduated scale on the top of the frame of the 
instrument. 

The torque due to the reacting fields is proportional to the 
current strength in each coil, and hence, to the square of the 
current strength. The compensatii^ torque of the spring is 
directly proportional to the angle through which the torsion 
head is rotated in order to keep the suspended coll in its posi- 
tion of equilibrium. It will be seen that the direction of the 
deflecting torque is not changed, even though the current is 
reversed through the coUs. 

From these considerations, it will be seen that 

where 4> ^ ^^^ angle through which the torsion head is rotated 
in order to maintain the movable coil in its zero position, or 
position of equilibrium, and ft' is a constant which depends on 
the stiffness of the spring, the dimensions of the coils, and the 
number of wire turns. The preceding equation may be written 
in the form 

(37) i = & VS 

where k *- ■Vk'. If the value of k is known, the value of i 
may be readily computed. 

Thus, it appears that the square root of the observed angle 
through which the spring is rotated, multiplied by a constant, 
gives the value of the current strei^th. This constant may be 
determined by passing a current of known strength through 
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the instrument and observing the angle through which the 
torsion head must be rotated in order to keep the moving coil: 
in its initial position of equilibrium. The current may be 
measured by any desired method of suitable accuracy. Since 
a precise determination is necessary for the calibration of the 
instrument, it is customary to use a silver or copper voltame- 
ter in series with it, computing the current strength from 
the gain in mass of tlie cathode in a measured interval of time. 
If currents and angles of twist are plotted on squared paper, 
the curve will be parabolic. 

In measuring direct currents the reaction between the field 
of the movable coil and the earth's field may be considerable. 
To avoid error from this cause, the instrument is so placed 
that the plane of the movable coil is at right angles to the 
magnetic meridian. 

The electrodynamometer may be calibrated and used also 
for the measurement of voltage and power in either direct or 
alternating-current circuits. It is sometimes equipped with a 
mirror and scale, and the deflection angles are read directly 
instead of being annulled by a torsion spring. When so used, 
it is called a reflecting electrodynamometer. 

As a voltmeter this instrument is made with many turns of 
fine wire in the coils, which are in series, and usually with a 
high non-inductive resistance also in series. This acts as a 
multiplier and enables the range of the instrument to be 



As a wattmeter, the fixed coil (current coil) consists of a few 
turns of large wire, and its terminals are connected in series 
with the circuit in which the power consumption is to be 
measured. The movable coil (pressure coil) is made of many 
turns of fine wire in order to secure a high resistance, and is 
connected in parallel with the power circuit. A non-inductive 
resistance is frequently connected in series with the pressure 
coil, 
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111. llie. bating Effect of the Current. The potential 
difference between two points is measured in terms of the 
work done in conveyiiig the unit charge between these points. 
This relation is given by the equation 

-?• 

or 

(38) W= VQ, 

where V is the potential difference and W is the work done 

in conveying the charge Q. By setting Q=ii, equation (38) 



(39) W=VU, 

or, if the value of V ia substituted from Ohm's law, 

(40) W- VU = j*fle. 

The thermal equivalent of the work is given by 

(41) Tr= JH, ■ 

where J is the mechanical equivalent of heat, or the number 
of work units equival^it to one heat unit. Combining (40) 
and (41), we find, 

(42) W=JH=Vit = i^m. 

The work will be given in ergs when the electric units are 
all taken in the absolute C. G. S system, and in joules when 
the volt, ampere, ohm, and second are used. With the abso- 
lute units J has the approximate value 

,T= 4.18 X 10' ei^s per calorie ; 
while, with the practical units, 

J= 4.18 joules per calorie. 
If both sides of equation (42) are divided by the time, the 
power relations of the electric quantities are obtained in the 
form 
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(43) P=^=^=i^Ii, 

which expreeees P in watts when practical units are used con- 
Bistently. 

The equations (42) and (43) might be used to find any one 
of the electric quantities involved, all the others being 
known. There are other more accurate methods available for 
measuring current and resistance, however, and the equations 
are more frequently used to determine the mechanical equiva^ 
lent of heat, J. 

The method here described is that of the flow calorimeter. 
Figure 73 shows the arrangement of the parts. A spiral coil 




no. 73. 
of wire S within a glass tube carries a current which is 
measured by the ammeter Am. A voltmeter Vm placed across 
the terminals of the coil gives the potential difference between 
its ends. From these readings the rate of energy supply to 
the coil is found. This energy heats the wire. If a stream of 
water is made to Sow continuously through the tube, there 
will be a constant difference in the temperature of inflow and 
outflow, provided the rate of enei^ supply by the current is 
just equal to the rate of energy withdrawn by the water stream. 
From equation (42) we may write 



ri=^ 



Vit 
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The heat removed by the water stream is given by the product 
of the mass of water and the difference between the initial 
and final temperatures, whence we have 

(44) J= ,^^ , . 

In the continnous-flow calorimeter, heat is carried away at 
a uniform rate, being absorbed by the water which flows 
steadily through the tube. If the temperature of the water 
supply is constant, and if the flow is maintained at a uniform 
rate, the thermal condition will become fixed, as will the elec- 
tric condition. That is, the temperatures of inflow and out- 
flow will become constant, and the resisbmce of the wire will 
not change. Under these conditions there are no corrections 
to be made for the thermal capacity of the apparatus. By 
keeping the flow of water steady, and the mean temperature 
of inflow and outflow within flve degrees of the room tempera- 
ture, corrections for radiation and conduction become very 
small and may be neglected. 

112, Laboratory Exercise XXV. To detei-mine the mechani- 
cal equivalent of heat with the flow calorimeter. 

Afpabatds. Flow calorimeter with accessories, ammeter, 
voltmeter, control rheostat, two thermometers, watch, and 
source of steady current. 

Fbocedube. (1) Arrange the apparatus as shown in Fig. 73. 
Adjust the flow of water until it is steady, with a difference 
in temperature between inflow and outflow of from three to 
five degrees. Let the water flow for a few minutes before 
taking readings so that the temperatures may become con- 
stant. The thermometer readings should be estimated to one 
hundredth of a degree, and the two instruments should be 
compared before beginning the experiment 

(2) See that no air bubbles are lodged on the wire turns of 
the coil. After the current has flowed a few minutes, set a 
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weighed vessel in position to receive the outflowing water, 
and note the exact time at which the flow into the vesael 
begins. Take Bimultaneous readings of the ammeter, volt- 
meter, and both thermometerB at half-minute intervals, rer 
cording these values in a table previously ruled. When 
one or two liters of water has passed, remove the vessel, 
note the exact time, and record it Weigh the water col- 
lected, and compute the number of calories of heat^ absorbed 
by the water. 

(3) Repeat for five sets of observations, using different rates 
of flow and difierent values of the current Let the final re- 
sult be the mean of the five thus found. The data may be 
arranged as shown in the following table : 



113. The Electrolytic Effect of the Current If a wire 
carrying a current of electricity is cut and its ends are sub- 
merged in a jar containing a water solution of an inorganic 
acid or salt, current will still continue to flow, and there will 
be a deposit of ions on the cathode, that is, the terminal from 
which current leaves the solution. The mass M of this de- 
posit is, from Faraday's laws, proportional to the amount of 
charge Q passing. This may be expressed by the formula 

M=zq, 

where z is the mass deposited by the unit of charge. We 
have also 
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lienoe, if the current atrei^th is constant throughout the time 
(, its value may be found from the relation 



The value of z, -which is called the electrochemical equiva- 
tent, ie charaoteristic of the Bubstance deposited. It has iieen 
80 aoooiately determined for silver and copper that voltameters 
containing solutions of these metals are 
used for precise measurements of current 
strength. The method is valnable for 
the calibration of current-measuring in- 
struments, but it is not commonly used 
outside of the precision laboratory. It 
is slow and requires considerable equip- 
ment, and it gives results that are more 
accurate than are required in practice. 

The stiver voltameter is used for the 
most precise determinations, and its form 



ia usually that shown in Fig. 74. The cathode iS is a plate of 
pure silver so mounted that it can be immersed in a solution 
of silver nitrate contained in a platinum bowl P. The inter- 
nattonal ampere is defined in terma of the silver voltameter ; 
the value of z for silver being 0.0011180 
gram per covlomb. (See g 6.) 

The copper voltameter is easier i 
use tlian the silver voltameter, and is [ 
nearly as precise in its results. It usu- 
ally takes the form shown in F^. 75. 
The middle plate is the cathode and ™- ''"■ 

the two outside plates are joined and constitute the anode. A 
twenty-five per cent solution of copper sulphate with the addi- 
tion of one or two per cent of sulphuric acid is used. The 
eleetroohemical equivalent of copper is 0.0003294 gram per 

Dinitizedb, Google 




IV. i 114] ELECTROLYTIC EFFECT 159 

coulomb. This value varies slightly with the corrent density 
and with the temperature and concentration of the solution. 

114. Laboratory Exercise XXVI. To deteiiaine the constant 
of an electrodynamometer with the (xpper voltavieter, 

Appabatub. Electrodynamometer, copper voltameter in 
duplicate with accessories, rheostat, and reversing switch. 

Peocedukb, , (1) Set up the instrument so that the coils 
are at right angles to one another, and with the plane of the 
movable coil at right angles to the ma^etic meridian. Adjust 
the leveling screws until the coil swings freely, and set the 
torsion head against its stop on zero. Bead accurately the 



V, V, 
s + 


1 ^^, 





position of the coil pointer, and take this as the zero or eqoi- 
librium position. Stops are provided to limit the deflection. 

(2) Connect the circuit aa in Fig. 76, using a twisted pair of 
wires to the electrodynamometer. Pass a current of suitable 
strength through the circuit and note the angle of compensa- 
tion. Reverse the current and note whether the compensation 
angle varies. Do this for two positions, with the plane of the 
movable coil respectively parallel with and perpendictiiar to 
the ma^etic meridian. Any readings made should be with 
the former position, and with reversed current 

(3) Adjust the current to a suitable value and proceed with 
the voltameter determination as outlined in S 113. Let the 
current pass for at least half an hour, reversii^ every two 
minutes, and record the compensation angles. 

(4) Calculate the current strength from equation (45), and 
find the value of the constant in equation (37). 
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1. A otrcalu loop of wire of radiua 00 cm. is placed with its plana 
vertioal and in the magnetic meridian. A current of 10 amperes flows 
Dorth at the top of the coil. A sonth magnetic pole of '200 units strength 
is placed on tlie axis of the coil, at a distance of 80 cm. from iU plane. 
Calculate the totee on this pole. Show clearl; in a diagram its direction. 
What is the force on the pole if placed at the center of the loop ? What 
is its direction ? 

I. Make a diagram which will show clearly the magnetic field reactions 
in the electrod;namometer. In the case of the error due to the earth's 
field, which one of the three, (a) total force, (6) horizontal component, 
(e) vertical component, is the eflectiTa one. Hake a diagram showing 
clearly the directions of the reacting fields and of the reeulthig forces and 
torques. Aemme approiimat« dimensions, and calculate the posriUe 
ralue of the totijae due to this cause. 
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CHAPTER V 
CAPACITY AND THE CONDENSER 

Paet I. Definitions and Units 

lis. Fundamental Ideas and Definitions. Up to this time 
we have considered electricity as resembling in some ways an 
incompressible flnid, and we liave assumed that all parts of 
the circuit carried the Bame current strength at the same time. 
In this and the following chapter new aspects of electric 
circuits will be presented, in which there will be considered 
the storage of energy in certain parts of the circuit. 

If the wire connecting the poles of a battery is cut, its ends 
will be at a definite difference of potential, and the charges 
residing on the free ends will be small. If, however, these 
free ends of the wires are expanded into plates with large 
surface areas, there will be a momentary current through the 
circuit, and a greater charge wUl accumulate on the plates. 
Aa the plate area is increased, and as the distance between the 
plates is made less, the charge on the plates, for the same 
potential difference, increases. This ability of the system of 
conductors to hold or store a quantity of electricity is called 
the capacity* of the system- Such a system of conducting 
plates is called a condenser. It is a device by means of which 
the capacity of an isolated conductor can be very greatly in- 
creased, due to the presence near it of another charged con- 
ductor. This other conductor may be connected to the earth or, 
more commonly, to the opposite pole of the electric generator. 
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The capacity of a condenser can be shown to be directly 
proportional to the area of surface of its plates, and inversely 
to the distance between them. In order to realize the greatest 
possible capacity in a small space, a great many very thin 
sheets of metal foil are used for the conductors, and these are 
separated by selected sheets of thin mica in the higher grades 
of condensers, or by sheets of paraffined paper in the cheaper 
grades. 

lie. Classificatioii <tf Condensers. Condensers may be 
grouped in two classes. One class is that in which the di- 
electric must sustain a high potential. Such a condenser con- 
sists of a few plates widely separated, and the capacity is too 
small to measure by the ordinary methods. Such condensers 
are commonly used in high-frequency, alternating-current 
circuits. Their properties and the methods of making meas- 
urements with them are treated in the larger works on the 
theory and equipment of wireless telegraphy. 

Condensers of the other class have larger capacity and are 
intended for use with low-voltage batteries and ordinary gal- 
vanometers. They have many layers of thin foil separated by 
thin dielectric, closely pressed together. 

117. Units of Ca.pa.cUy. In Fig. 77, AB represents such a 
system of interleaved plates. If the key K is pressed to b, 
a potential difference V is applied 
to the terminals of the condenser, 
and a transient deflection of the 
7b^ galvanometer is observed. The zero 
position is quickly regained, how- 
ever. This sudden throw of the 
galvanometer signifies a rush of 
electricity into the condenser. The 
condenser is then said to be charged. If the key K is then 
raised to a, thus removing the chaining potential difference 
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and closing the condenset circuit through the galvanometer, a 
transient deflection is again observed, this time in a direction 
opposite to the first one. The condenser is now discharged, 
the plates havii^ been brought to the same potential. 

The current strength > during charge or discharge is not con- 
stant, as will be shown in $S 125 and 127, if a condenser is 
included in the system. It is necessary to take into account 
the total quantity of chaise which passes rather than the 
current itself. This is given by the expression 

(1) Q=Jt(tt, 

where i is the instantaneous value of the current strength. 
The quantity of electricity stored in a perfect condenser, that 
is, one whose dielectric has inflnite resistance and no absorp- 
tion,> is always found to be directly proportional to the charg- 
ing potential difference. This relation may be written in the 
form 

(2) Q=cr, 

where C is a constant whose value is given by the ratio 

V 

This constant, which is characteristic of the particular con- 
denser, is the measure of the capacity of the condenser. From 
equation (3) it is seen that the capacity is numerically equal 
to the chai^ in the condenser when unit potential difference 
is impressed across its terminals. 

If Q and Fare given in absolute C.G. 9. electromagnetic 
units, C will be expressed in the same system. A condenser 

> In cables and tnoBinUBioii lines the capacity is distributed, and the cal- 
culatioD of the current stTength at an; time, and at any point a1onK the con- 
dactor, becomes somewhat complicated. The theory ol problems of this class 
to gtvtai in The Propagation of Electric (JumrUt in Telegraph and Telephoitt 
Condveton by Flbkiho (Van Nostrand, 1911). 

*Seef 119. 



(3) = \ 
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will have unit capacity when unit potential difference develops 
'in it the unit chai^. In order to express capacity in practical 
units, Q must be given in coulombs and V in volts, whence 

Any given chaise of Q absolute units will be represented by 
a number ten times as great when expressed in coulombs ; 
and any given number of absolute units of potential difference 
will be divided by 10* in order to give the equivalent number 
of volts. The number of absolute capacity units must then be 
multiplied by 10* in order to give the equivalent number of 
practical units. This means that the value of the absolute 
unit of capacity is 10* times as great as the practical unit which 
corresponds to the volt and the coulomb. This practical unit 
of capacity is called the farad, and is the capacity of a con- 
denser which has a potential difference of one volt at its ter- 
minals, when charged with one coulomb of electricity. 

The farad itself is too large a unit to be useful, being of an 
order of magnitude much greater than that of the capacities 
commonly met in practice, hence, the millionth part of the 
farad, the micTofarad, equivalent to 10-^ in absolute units, is 
chosen as a more convenient and more practical unit, A con- 
denser of capacity one farad would be .too enormous to con- 
struct : the height of a pile of condenser plates each one meter 
square, which would be required for a capacity of one farad, 
provided that the thickness of each conducting sheet together 
with its mica dielectric were one millimeter, would be of the 
order of one hundred miles. 

A submarine cable is a condenser in which the copper core 
constitutes one plate, with the water as the other plate, while 
the insulating material surrounding the core is the dielectric. 
Similarly, in a telephone cable, any single conductor may be 
regarded as one plate of a condenser, the other plate being the 
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adjacent wire of a pair, or the lead sheath of the cable itself. 
The capacity of a telephone cable shotild not be greater than 
0.08 microfarad per mile. The earth, considered as an isolated 
conductor, has a capacity of about 700 microfarads. The 
capacity of thiee miles of avei'age submarine cable is aboat 
one microfarad. A laboratory standard frequently used is one 
having a third of a microfarad capacity, equivalent to about 
one mile of cable. The capacity of a pair of number eight 
copper wires 1000 feet in length and twelve inches apart is 
about 0.0032 microfarad. 




116. Standards of Capacity. Standard condensers, or ca- 
pacity boxes for use in the laboratory, may be arranged with 
single values, commonly ^, ^, or 1 microfarad in each box, or 
they may be subdivided, 
with a maximum value of 
one or more microfarads. 
Subdivided 
are so arranged in 
tions that different values 
of the capacity, from a ^"'- "■ 

few hundredths of a microfarad to the maximum, can be secured 
by the adjustment of plugs or switches. Two methods of con- 
necting the separate sections in subdivided capacity boxes are 
shown in Figs. 78 
I and 79. The ar- 
rangement shown in 
' Fig. 78 permits of 
multiple combina- 
tions only, while 
^•°- ''^- with that shown in 

Fig, 79, both series and multiple combinations are possible. 
In certain geometric forms, notably the sphere, cylinder, and 
parallel plate, it is possible to calculate the capacity from the 




b,Googlc 



166 CAPACITY AND THE CONDENSER [V, S 118 

dimeiiBions. These forms serve aa reliable Btandaids wheii 
dry air is used as the dielectric, but the capacities will be 
small unless inconTeniently large dimenBions ate assumed. If 
dry air or vacuum constitutes the dielectric of a condenser, 
the value of the capacity will not be dependent upon the 
charging potential, nor upon the time for which it is applied. 
With such solid dielectricB as glass or paraffin, however, the 
capacity is found to depend on the mode ot charging. The 
phenomena of leakage, absorption, and residual charge must 
be taken into account carefully. 

119. Leakage, Absorption, and Residual Chaise. When 
the dielectric of a condenser shows a true conductivity, it is 
said to possess leakage. Ho substance can be regarded as an 
absolute non-condiictoi, thoi^h a pair of charged plates with 
dry air aa the dielectric will retain the charge almost indefi- 
nitely. A high-grade mica condenser will retain its charge 
for some hours with but slight change, while an average 
paraffined-paper condenser shows a marked falling off in its 
charge within a few seconds. This dielectric conductivity 
may be strictly like that in metals, or it may be electrolytic in 
type. The conductivity of dielectrics usually increases with 
rise in temperature, and with an increase in the impressed 
voltage. Solid substances which are not changed in chemical 
composition at high temperatures, such as glass or porcelain, 
become good conductors when raised to incandescence. 

When a given potential difference applied to a condenser 
gives it a certain chai^ for a short time of application, and 
a greater charge for a longer time, the condenser is said to 
possess absorption. If such a condenser with negligible leak- 
age is charged by a given potential difference and then is left 
to itself after removing the charging voltage, the potential 
difference across its terminals is found to diminish somewhat, 
at first rapidly, then slowly. Under the action of the charg- 
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i]]^ potential some molecular changes ptobaUy occur in the 
dielectric, which require time, and this strained condition also 
requires time for recovery. Absorptioii is by some writers 
called soakage, both terms arising from the early view that 
the electric current was of the nature of fluid flow, and that 
more or less penetration into the substance of the dielectric 
occurred. In any event the process of chaining affects the 
dielectric like a mechanical stress, and there are hut few solid 
substances which recover immediately after the removal of 
such stress. This is shown by the intimate relation which 
exists between the phenomena of absorption and the elastic 
after-effect of the dielectric substance. With glass, absorption 
and elastic after-effect are both large, while with quartz 
they are both practically zero. An air condenser shows no 



When the terminals of a charged condenser are connected 
by a conductor, they are brought to the same potential, and the 
condenser is said to be discharged. If they are again con- 
nected after the lapse of a brief time, another smaller dis- 
chai^e occurs, and this may be repeated several times. This 
so-called residual ctiarge is closely associated with the absorp- 
tion of the dielectric, and is due to the slow recovery of the 
dielectric from the electrostatic strain. Condensers with 
quartz or dry air as the dielectric do not show residual charge. 

The construction and use of a condenser would be simplified 
if the dielectric material was free from the properties of leak- 
age and absorption. The significance of the capacity of a con- 
denser is not definite unless the circumstances of chargii^ and 
dischai^ing are fully specified. The precision condenser must 
be carefully studied in order to ascertain the influence of tem- 
perature changes. 

Cables and transmission lines act as condensers. When 
they are subjected to high potential differences, the absorption 
in the dielectric may result in large residual chains. When a 
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' high-tenBion circuit is opened, sucli condensers should always 
be effectively diBeharged by repeated or continuous grounding 
before they are touched, otherwise surprising discharge vol- 
tages may develop. 

120. Specific Inductive Capacity. The capacity of a con- 
denser depends not only upon the form and dimensiona of the 
plates, but also upon the nature of the dielectric medium. 
Suppose the capacity of a given condenser with air as the 
dielectric is (7„, while the capacity of the same condenser with 
some other substance as the dielectric is C^ The specific in- 
ductive capacity, or the dielectric constant of the substance, is 
defined by the equation 

(0) * = §• 

strictly speaking, the reference medium for which the dielec- 
tric constant is taken as unity should be a vacuum. However, 
dry air differs so little from a vacuum in this respect that its 
dielectric constant may also be taken aa unity. 

Measurements of specific inductive capacity yield results 
which vary widely with the physical state of the substances 
and with the conditions of the test. Average values for a few 
substances are given in the following table : 

Petroleum 2.0 

£bou[l« 2.0-8.0 

Pftraffiii 2.3 

Qlan 2.0-10.0 

Mica 6.0-T.O 

121. Dielectric Strength. When condensers are to be used 
with h^h voltages, the property of dielectric strength is quite 
as important as good insulation. If the potential difference 
impressed exceeds a certain critical value, the dielectric will 
be pierced. In case the dielectric is a gas or a liquid, its con- 
tinuity is restored immediately after the spark. In a solid 
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dielectric, howeTer, the path of the spark is a permanent de- ■ 
feet, and if suificient electric energy is supplied by the genei- 
atot, current will continue to flow along this path in the form 
of an electric arc. 

The dielectric strength is expressed in terms of the poten- 
tial difference in volts (or in kilovolts) required to pierce a 
given thickness of the substance. It is not a quantity that 
can be very definitely measured. The results vary with the 
character of the voltage, whether direct or alternating, and 
also with the distance between the plates or electrodes, the 
shape of the plates, and the time during which the voltage is 
applied. Some approximate values for average samples of 
common materials are : 

Mica 60,000 volts per mm. 

Vulcanized rubber 10,000 volts per mm. 

Insulating oils 6000-10,000 volts per mm. 

In any case, the presence of moisture greatly lessens the di- 
electric strength. Although air is an excellent insulator, its 
dielectric strength is lower than that of most solid or liquid 



122. Capacities in Series and PaialleL The capacity of a 
condenser in the form of two parallel plates is given by the 
formula 
(6) C=M, 



where A is the area of one plate, | 1 

d is the distance between the —I— — I — 

plates, and k ia the specific in- -^ _ — p- 

ductive capacity of the dielectric' ' ' 

Figure 80 represents three con- '°' 

1 The capapity will be In electroatatic anits II A and d are 
I[ the result ia to be expressed In microfarads, the factor 9 
tcoduced into the denominator of eqnation (6) . 
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deiteeTs connected in paraUd. Since the capacity of a con- 
denser ia proportional to the area of its plates, it follows that 
the capacity C, equivalent to that of the three condensers, ia 
given by 

(7) C=Ci + Ct + Ct. 

c, c, c. Three condensers connected 

,* I I I 1 I I B in teriea aie shown in Fig, 81. 

I I I I I I In this case the quantity in 

"' '' "' each condenser is the same, and 

I J ^^ I is equal to the charge which 

• ' ' enters the system from the 

battery B. Moreover, if a po- 
tential difference V is applied at the terminals A3, we have 

(8) r=vi + vt + vt, 

where v,, v,, and v, are the potential differences between the 
plates of the three condensers, respectively. Hence, we have 

Since Q, s Qj — Q,, the equation (9) may be written in the 
form 

But F= Q/C, where C is the equivalent capacity and Q is the 



and 

(12) ri=i+i+i"i. 

10 c,o,c,\ 
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Part II. Charge, Current, and Energy 
Relations 

123. The Variation of Charge with Time. Assume a con- 
stant potential diSerence V impressed on a circuit which con- 
tains a capacity and non-inductive resistance B (Fig. 82). 
It is to be understood that the resistance E includes all the 
ohmie resistance throughout the entire cir- 
cuit. The condenser does not instantly ac- 
quire its full charge on closing the key K, 
nor is the discha^e an inatantaneous process. J 
It is important to investigate the time rela* 
tions of cha^e and current during the process 
of charging and discharging the condenser. ""' *"' 

The available potential difference V, which is assumed to be 
constant, will be divided into two parts. One part Vi will 
maintain the current strei^:th through the ohmic resistance R, 
and the other part V) will appear at the condenser terminals 
and store energy in the form of charge. Keither ^f these 
values is constant, but the sum of the two is constant, and 
always equal to V. We may then write 

(13) V=V,+ V,. 

Since Vj and Vt are both varying continually, their instantO' 
neous values must be used. The potential difference which 
maintains current through S is always iR, and the instanta- 
neous value of i is dQ/dt ; whence we have 

(14) F..flf. 

The potential difference at the condenser terminals at any 
instant is given by the formula 



' = «• 
■ c' 



(16) r,=) 
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vhence, throv^liout the period of oha^e or diaeharge, 
(16) ''-•»f + f 

AsBuming that the condenser is being charged, equation (16) 

may be integrated, and expresaions may be found for the values 
of charge and current at any time ( aeconda after cloaing the 
key K. Separating the variables, equation (16) becomes 



(17) cU=:BC- 



_dQ_ 



VC-Q 

Integrating this expiession between the limits zero and Q, 
and remembering that Q = when t = 0, we have 



va-Q 

VC ' 



(18) t = EGf:^-^ = -RC\oe. 

where e is the baae of the Napierian system of logarithms. 
Solving this equation for Q, we have, 

(19) Q= VC- VCe-""'. 

From equation (19) it is seen that for ( = 0, Q = 0, which was 
the original assumption ; but if ( = oo , then Q = VC, which 
represents the maximum and final value of the charge in the 



As an Ulustration of the foregoing relations, consider a con- 
denser of 10 miciofarada capacity, which has a charging poten- 
tial of 1000 volts suddenly applied to its terminals, the circuit 
resistance being 200 ohms. The final value of the charge after 
an iniinit* time is given by equation (19), 

Q=VC= 1000 X 10 X 10-« = 0.01 coulomb. 

Choosing intervals of time of 0.001 second, and substituting 
these values for ( in equation (19), the charge corresponding 
to each instant of time may be found. From these values the 
curve I, Fig, 83, is drawn. This curve shows the relation 
between coulombs and time. It is evident that practically the 
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full value of the cliarge is reached ia a few thousandthe of a 
second, although its full value is not reached until a much 
longer time has elapsed. The, final value of the charge is 
seen to be quite inde- 
pendent of the value 
otB. 

1%L The Time 
Constant. It is fre- 
quently necesBary to 
compare the behavior 
of condensers with 
regard to the quick- 
ness with which they 
acquire their charges. 
It is obviously im- 
possible to use for 
this purpose the total 
time involved in the 
process, since this is 
theoretically infinite. 
Custom has, how- ""' ""' 

ever, sanctioned the use of a certain time interval called 
the time constant of the circuit. Its value is SO seconds. 
The corresponding value of Q ia readily derived from equation 
(19). If t JB made equal to RC seconds, then 

(20) Q=VC-^VC, 

and it is clear that at this time after closing the key, the 
charge has risen to a point which falls short of its final value 
by 1/e times that firml value, that is, about 0.37 times that final 
value. 

126. The Variation of the Cbax^ag Current with Time. 
The instantaneous value of the current at any time t can be 
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found by diSereiitiating equatdoD (19) with respect to the time. 
TMs gives 



At the outset, when f = 0, it is Been that 

B' 
and the current begins to flow as if there were no capacity in 
the circuit The condenser begins to show its effect, however, 
as time increases, and when t = ao , t ^ 0. If 1 is made equal 
to BC seconds, equation (21) takes the form 

(22) i.lT, 

which shows that the current has fiillen to 1/e times its initial 
value when t = BG. If values of C, B, and V, as given in the 
numerical illustration of § 123, are substituted in equation (21), 
the current may be calculated for any time t Corresponding 
values of current and time are plotted in curve II, Fig. 83, 
from which it appears that the initial current is large, but 
that it rapidly decreases and approaches zero as the charge 
approaches its final value. The value BO seconds which was 
substituted for ( is called the time conttant of the circuit, as 
stated in § 124. 

126. The Distribution of Energy. In order to study the 
distribution of energy in a circuit during the process of charg- 
ing a condenser, we shall use the fact that energy is always 
given by the product of the potential difference, the current, 
and the time. The ene^y supplied to the circuit for any 
short interval of time dt is therefore given by the equation 

(23) dW= Vidt, 
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where V is the constant impreaBed potential difference and i 
is the current strength. This energy may be set equal to the 
sum of the energy dissipated as heat in the ohmic resistance, 
and the enei^ stored in the condenser. Writing this eqiaa- 
tion, we have 

(24) Vidt = i>Sdt + ^idt. 

If the instantaneous yalnes of i and Q are substituted in 
the two terms of the right-hand member of (24), these terms 
may be separately integrated between limits ( = and ( = oo, 
and values may be found for the energy transformed into heat, 
and for that stored in the condenser. Substituting the value 
of t from equation (21), the term PSdt, which we shall denote 
^y <^ TP^ takes the form 

and 



(26) w.^j^^e-"' 



R 2 ' 



From this equation it Is evident that the total energy dissi- 
pated as heat in the ohmic resistance of the circuit is uot de- 
pendent upon B, but only upon Fand C. 

In order to find the energy stored in the condenser, we may 
substitute the instantaneous values of Q and i from equations 
(19) and (21), in the last term of (24), and integrate between 
the same limits as before. The term QidtfC, which we shall 
denote by dW^ is, therefore, of the form 
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Tbia is aeeii to be exactly the s&me result as that of equation 
(26). Hence it appears that one half of the total energy 
given to the circuit is lost as heat in the resistance, and one 
half is stored in the condenser. 

The charged condenser is analogous to a stressed spring, in 
vhich energy is stored while under stress; an equivalent 
amount of energy is returned when the constraint is released. 

127. The Variation of Charge and Curteat during Dis- 
charge. Expressions similar to those of the preceding articles 
may be derived for the instantaneous values of charge and 
current during the discharge of a condenser. Eetnmii^ to 
equation (16), and setting F = 0, which means that the im- 
pr^sed voltage is cut off and the circuit left to itself, we have 

(27) "-"f + f 
Separating the variables, we find 

(28) dt = - ^^M.. 

Integrating this between the limits Q« and Q, which represent 
respectively the initial and final values of the charge, we have 

or 

(29) _-L=loK.2.. 

Equation (29) may be put in the exponemtiai form, 

(SO) Q=Qie-""'. 

If the initial value of the charge is ^ven by the formula 

ft- TO, 
equation (30) becomes 
(31) q=VGe-"'°. 
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This gives the value of the charge in the condenser at any 
time t seconds after discharge begins. 

To find the value of the current at any instant during the 
discharge, ec[uation (31) is differentiated with respect to {, 
which gives 

(32) i = ^ = -y^e-'""'. 

This is seen to be the same expression as that for the chai^- 
. ing current given in equation (21), except that the sign is 
negative, which indicates a reversed direction. 

The discussion in the preceding articles shows that a con- 
denser acquires its charge according to an exponential function 
of the time. The charge reaches its hnal and maximum value 
tiieoretically only after an infinite period, although in moat 
condensers in actual use the charge is practically complete in 
a fraction of a second. The final value of the charge is quite 
'independent of the resistance of the circuit. Through its 
influence on the current, however, the resistance does control 
the rate at which the charge is stored or given up. Moreover, 
neither the enei^ lost as heat in the resistance, nor that 
stored in the condenser, depends on the actual value of the 
resistance. It may be shown also that the rates of storing 
and giving up enei^ are quite different in the processes of 
chargii^ and dis chaining. 



1. A coDdenHeT has a capacity of 0.3 mf,, and is charged with a 
potential difference ol 1.434 volts. Calculate the value of its cba:^ in 
(a) coulombs, (b) mlcrocoulombB, (c) C. G. S. units. 

S. Derive tbe dimenaional formula for capacity. 

8. Check tbe equstlonB of §S 123-127 by means of dimensionsl formulas. 
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CHAPTER VI 
ELECTROMAGNETIC mDUCTIOn 

Pabt I, Mutual and Sku Inductance 

128. The Linking of Circuits with Lines of Force. A 
straight wire carrying a current ie known to hare about iteelf 
a ma^etic field. The general form of the lines of force is a 
circle, concentric about the axis of the wire. The existence 
of this field is an indication of current fiowii^ along the wire, 
and the intensity of the field has been shown to bear a direct 
ratio to the cTirrent strength. (See equation (8), Chapter IV .^ 
The line of force must be regarded as a closed curve along 
which a magnetic pole will move. From whatever point the 
pole may start, it will return again to the same point If the 
line of force Is due to a 
bar maifnet, or to an elec- 
tromagnet, part of the path 
will be through iron and 
H I "V^ ^ part through air, 

Fio 84 ^^'^"^^"'^^ Moreover, the electric 

circuit is itself a closed 
curve along which the electric chai^ passes from the generator 
back to the generator again. The lines of force must then be 
considered as linked with the electric circuit, as represented 
in Fig. 84, 

In considering the linking of lines of force with an electric 
circuit, two different cases may be distinguished : (1) when 
the dreuit is originaUy without current, and is brought into a 
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magnetic jield; (2) when the circuit conveys the current vAick 
produces the Toagnetic field. 

In the first case, suppose a closed loop of a single turn of 
wire not carrying a current is brought into the neighborhood 
of a bar magnet. Some of the lines of force. of the magnetic 
field will link with the loop. If <^ lines of force thus link with 
the single turn, the rnunber of linkings is given by S'= ij>. If 
there ace S turns of wire linking with ijt lines of force, then 
the total number N of such linkings is given by the equation 

(1) N=S>I>. 

In the second case, let ^ represent the total number of lines 
of force due to the flowing current which thread throi^b the 
circuit (Fig. 84). If there is a single turn of wire, the number 
of linkings is given by jr= ^. If, however, there are S wire 
turns, each line of force is considered as linking with every 
turn. The total number N of such linkings is given by the 
product of the number of wire turns and the number of mag- 
netic lines ; that is, 

(2) N=S^. 

This product of magnetic flux lines by wire turns is frequently 
called Jfux tUTJis. 

It is important to consider in what ways the number of 
linkii^, or flux turns, may be changed. Assumii^ that the 
permeability of the medium is constant, suppose first that a 
loop of a conductor not carryii^ current is placed in a mag- 
netic field. The number of linkings may be changed by 
changing (a) the field strength, (6) the position of the loop, 
(c) the dimensions or shape of the loop, (d) the number of 
turns of wire. 

In the case of a closed circuit which does carry current the 
number of linkings may be changed by changing (a) the cur- 
rent strength, (6) the number of turns of wire, (c) the shape 
or dimensions of the circuit. 
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Faraday first allowed that aay chai^ in the noinber of 
liukingg between wire tarns and flux lines gives rise to an 
induced electromotive force. Moreover, Lenz's law states 
that the induced current arising from this E. M. F. is always 
BO directed as to oppose the change. Lenz's law is merely the 
statement of the principle of the conservation of eneigy for 
the electrical case. From this principle it is apparent that 
the energy put into the circuit to bring about a change in the 
number of linkings is precisely equal to the energy of the 
induced current arising from the chat^. 



m. The Faraday Equation. Assume a condnctor bent 
into the form ABC, Fig. 85, and lying in the m^netic field 
SS, with its plane 
perpendicular to the 
lines of force. On 
the horizontal and 
parallel wires A and 
C lies a bar ab which 
can move in either 
direction along the 
wires, and is always 
in contact with them. 
Suppose the bar is 
moved to the right 
through a short dis- 
tance dx m a. time 
interval dt, thus cut- 
YiQ^ gu tiog across the lines 

of force, and changing 
the number of linkings between the circuit and the field. 
This motion sets up an induced current in ab, in the direction 
from 6 to o. If F is the induced electromotive force, 
and f the instantaneous value of the induced current, then 
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the energy dW, of the mduced cuireDt is given by the 
equation 

(3) dWt = ndt. 

Let H be the value of the magnetic field strength and I the 
length of ab between A and C. Then, when a current i flows 
in ab, there will be a force acting on it given by the equation 

(4) F= ilH. 

When the bar ia moved through a distance dx against this 
force, the work dTT, done is given by the equation 
(6) dW:, = UBdx. 

Since from Lenz's law the work done in moving the conductor 
is equivalent to the energy associated with the current in- 
duced, the expressions (3) and (S) may be equated, and we 
have 

(6) n^ = -UHdx. 

The negative sign shows that the current induced is directed 
so that its magnetic field reacts with the field H to oppose the 
motion, as required by the law of conservation of enei^. In 
place of Idx, which is an area, dA may be written, and the 
product HdA gives the change in the number of linkings dy, 
due to the motion of ab. Equation (6) may then be written 
in the form 

Vidt = -idy, 
or 

(7) r— f. 

This expression is called Faraday's equatioji. It states that 
the induced potential difference ia numerically equal to the 
time rate of change of the number of linkings. One C. G. S. 
unit is induced when one line of force is cut by one wire in 
one second. In order to induce an electromotive force of one 
volt in the circuit, 10" lines of force mnat be cut per second 
by a single wire. 
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130. Mutual Inductance ai Two Circuits. Consider a cir- 
cuit A (Fig. 86) Garrying a cunent of strei^tli t. The mag- 
netic field strength at any point in the neighborhood of A is 
proportional to i (§ 104). Since 
/i — * ^ y^ ^^^ ^^^^ strength at any point is 
' ► '/ J/ measured by the number of lines 

/i 0A of force per unit area, it follows 

</ (^ * —'/ that the number of lines through 

_*^ ^ any chosen area near A is propor- 

tional to i. 
Suppose that another conductor forming a closed circuit B 
is near A, and that the number of linkings between wire turns 
of circuit B and lines of force due to circuit A is equal to N. 
The number S is proportional to i, and if the relative posi- 
tions of A and B, the number of wire turns in each, and the 
permeability of the surrounding medium are not changed, 
then 
(8) Jf = Jfi, 



(9) Jf=|, 

where the factor jtf is a geometric constant of the pair of cir- 
cuits, which is quite independent of the current strength. 

If the current in the circuit A chaises by an amount dt, the 
number of linkings with the B circuit wUl chajige by a corre- 
sponding amount dS, whence 



(10) 



Moreover, if this change takes place in a time ctt, we may 
write 
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It has been shown in equation (7) that the time rate of change 
of l inhing s gives the value of the induced potential difference. 
Whence, the equation (11) may be written in the form 

P2) -f-rSr- 



This constant M is called the mutual inductance of the two 
circuits, and it may be defined in any one of the following 
ways : (a) from equation (9), M is numerlcaUy equal to the toted 
nun^er of Utikings with the B circuit, when unit current flows in 
(ft« circuit A; (b) from equation (10), M is numericalli/ equal 
to the change in the number of Unkings with the B circuit, when 
the current irt the A circuit is changed by unit amount; (c) from 
equation (11), M is lh£ factor determined by the con^ant ratio 
between the time rate of change of Unkings, and the time rate of 
change of current strength; (d) from equation (12), M is the 
value of the potential difference, or E. M. F., induced in the B 
circuit, when the current in the A circuit is ciiofnging at unit rate. 

131. Units and Standards of Mutual Inductance. The 
practical unit of mutual inductance is called the henry : a pair 
of circuits lias a mutvaJ inductance of one henry when an E.M.F. 
of one volt is induced in one of them if a change of one ampere 
per second occurs in the other. The henry is equal to 10* C. Q. S. 
units. 

The mutual inductance of two circuits can be computed 
only when the number of lines of force arising in one circuit, 
and linking with the other circuit, is known. This is possible 
only in a few simple cases. 

One arrangement for which the mutual inductance may easily 
be calculated is shown in cross-section in Vig. 87. A long bar 
of wood or hard rubber AA' is turned to a uniform diameter, 
except for a short distance at the middle aa', where the diameter 
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is made slightly less than that of the rest of the bar. lu this 
middle channel is wound a large number of turns, S, of line 
wire, usually a thousand or more, the ends being brought out 



OCXXJOO CXXXl0O 30C)CO0O 




to terminal bindii^ posts. Outside of this coil, and running 
tiom end to end of the core, is wound in a uniform layer the 
coUP. 

For the long coil, called the primary, T represents tlie total 
number of turns, L is the length, and T/L, or «, is the number 
of turns per centimeter of length. For the short secondary 
coil, S is the total number of turns, r is the radius of one turn, 
and A is the area of cross-section. 

Remembering that the mutual inductance of two circuits is 
given by the number of linkings established when unit current 
Sows, the value of M foi the present case is easily calculated. 
Let a current of strength i C. G. S. units flow through tiie 
primary coil. The value of the magnetic field strength at the 
center of the coil is, from equation (33), Chapter IV, 

(13) fl-=:4«it-. 

Since this may be regarded as uniform over the entire cross- 
section, the total magaetic flux through the secondary coil is 
given by the formula 

(14) il>=HA=i irniA = 4 ,r*niV. 

All of these lines interlink with all the turns of the secondary ; 
hence, \yy equation (1), the total number of linkings is 

(16) if=:^ = 4x»ntr»5. 
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From equation (9) we have 



substituting in this the value of N from equation (15), we have 

(16) M = i ir^r^ff C. G. S. units, 
or 

(17) Jf-*^ '""?'• 

This form of mutual inductance, which is so carefully con- 
structed that its value can be calculated from its dimensions, 
is called a standard cunent inductor. The ratio of the length 
to the radius should not be less than fifty. The secondary 
coil is sometimes wound outside of the primary, in which case 
the area of the cross-section, by which the value of the flux 
density is multiplied in (14), is that of the primary coil. The 
secondary coil should lie close to the primary to avoid leabj^e. 

The equation (16) was obtained on the assumption that the 
permeability of the medium is unity. If any magnetic sub- 
stance of permeability fi is introduced, the value of the mutual 
inductance becomes 

(18) M=i lAiT^Sp. C. G. 8. units. 

Since the permeability changes with the magnetic field 
strength, and hence with the current, M can be calculated in 
this way only -when the corresponding values of /t, and H are 
known. For this reason, it is customary to avoid all magnetic 
materials in the construction of such coils. 

A more convenient laboratory standard with any desired 
value is made by winding the necessary number of turns on 
a marble spool. The windii^ is then tboronghly impregnated 
with an insulating varnish and baked hard. After mounting 
on an ebonite or wooden base it is carefully calibrated. 
Standards prepared in this way are very constant. They 
should be occasionally checked in a standardizing laboratory. 
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132. The Mutual Inductance of Symmetrical Circuits. If 

two citcuitB A and B have a mutual inductance M, it can be 
shown that the number of linkings with B due to unit current 
in 4 is exactly equal to the number of linkii^s with A due to 
unit current in B. The general proof of this 
requires more powerful methods of analysis than 
those introduced thus far, but in the case of two 
symmetrical circuits, the proof is simple and is as 
follows. 
Fio. 88. Consider two circuits A and B, shown in cross- 

section in Fig. 88, which are in every way aym- 
metricaL Let Mi be the mutual inductance when a current 
flows through A, and let Mi be their mutual inductance when 
the same current flows throi^h B. For a current of strength t 
in A, the number of linkinga with B is given by the equation 

(19) JVi = M^i. 

For the same current through B, the number of linkings with 
A is given by the equation 

(20) Ni = Mii. 
By symmetry we have 

whence 

(21) Jtf, = 3f^ 

133. Self-inductance <A a Circuit. With a single circnit 
carrying a current t, as shown in Fig. 84, the number of lines 
of force threading through the circuit, and hence, the number 
^of linkings, is proportional directly to the current strength. 
This fact may he expressed by the equation 

(22) N= Li, 
or 

(23) L=^- 
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If the current changes by some small amount di, the number 
of linkings will chaise by some corresponding amount dN, 

whence 

(24) i-^. 

^ ' di 

Moreover, if this chaise takes place in a time dt, we may write 



rdN dn 

\_dt '^dtj 



Since by equation (7) the time rate of change of the number of 
linkings gives the induced potential difference, the equation 
(26) may be written in the form 
(26) Z. = |. 

dt 
If the geometric form, the number of wire turns, and the 
permeability of the medium are constant, L is itself constant, 
and quite independent of the current strength. This quantity 
L is called the self-inductance of the circuit, and it is de- 
fined in any one of the following ways ; (a) from equation 
(23), L is numerically equcU to the total number of linkings, tvhen 
unit current is flowing ; (6) from equation (24), i i« nwrnertcaWi/ 
equal to the change in the number of linkings when the current is 
changed by unit amount; (c) from equation (25), L is the factor 
determined by the constant ratio between the time rate of change 
of linkings and the time rate of change of current; (d) from 
equation (26) Lis the value of the potential difference, or E. M. F. 
indu/xd in the circuit when the current changes at unit rate. 

134. Units and Standards of Self-inductance. The prac- 
tical unit of self-inductance is the hemy : a circuit has an in- 
ductance of one henrj/ when one volt is induced at its terminals 6y 
a change in current strength of one ampere per second. The 
millihenry and microhenry are convenient subdivisions of the 
henry. (See § 12.) 
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Taking any one of the defining equations for self-inductance, 
its dimensional formula is found to be 

(27) L = m; 

hence its absolute unit should be the same as the unit of 
length, the ctntimeter. The henry is equivalent to 10* 
centimeters.' 

The secondary oircuit of a |-inch induction coil will have an 
inductance of approximately 16 henrys j an ordinary telegraph 
sounder 20 to 30 millihenrys ; and the coils of a sensitive, sus- 
pended needle galvanometer from one to two henrys. Good 
resistance-box coils should have an inductance of less than one 
microhenry. The inductance of a dynamo field magnet may 
exceed 1000 henrys. The primary of an induction coil 20 
inches long will have au inductance of approximately 20 
henrys, while the secondary of such a coil, with a resistance of 
30,000 ohms, may have an inductance of 2000 henrys. 

As in the case of mutual inductance, the calculation of the 
self-inductance of circuits from their dimensions is feasible 
only in a few cases.' One form of circuit for which this calcu- 
lation is easily made is the long solenoid. Assume a long 
solenoid of radius r, area of cross-section A, and length /, with 
T total turns of wire, and n turns per centimeter. From 
equation (33), § 109, the value of the field strei^th at the 
center of the coil is given by 

(28) H=4imi, 

and the total flux across the central cross-sectional plane is 

(20) <f>=HA = i,rmA = i T>nirt 

I Since the dlBtuica along the uc ot a RTsat circle of Ibe eutb, tram tbe 
equator to tbe north pole, itab orfginally taken at Iff centimeteni, aJi early 

name tor the practical an)t ol iDdoctance wan tbe quadrant. 

* The tormulaa given here tor calculating iielt and mutnal indoctances trom 
the dimenaluna ol the colls are only approilmnte. Accnrate fonnalaa, which 
are rather complicated, are given in the Bulletin of the Bureau of 
yTAKDARiHi, Vol. 8. iyi2. Approximate formalnB Tor coils of various shapes 
will be found Id the various electrical bandbooke. 
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Assumii^ that all of these lines of force link with all of the 
wire turns, which is very nearly true, the total number of 
liukiiigB is given by the formula 

(30) J=^7'=4ir»nir"r. 
Since T^nl, equation (30) becomes 

(31) N= i it*»'*W. 
From equation (23), we have 

(32) L = ^=ii^Vl C.G.S. units, 



\ ' lO" ^ ' 

If the permeability of the medium within the coil is ;i, equa^ 
tion (32) becomes 

(34) i = 47r»nVi;.. 

However, in the construction of self-inductance coils which are 
to be used as standards, magnetic materials are avoided, be- 
cause of the vaiiatlon of the magnetic permeability with cur- 
rent strength. 
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Part 11. Current, Energy, and Charge 
Relations 

13B. Current and Energy Relations in Inducttre Ciicuits. 
A piece of matter cannot set itself in motion, but requires 
enei^ from without to effect a chajige in its momentum. 
Similarly an electric current cannot set itself in motion, and 
enet^ must enter the circuit in order that electric charge 
may be transferred. It has been shown in § 129 how enei^ 
can enter a circuit by making lines of force cut that circuit, so 
as to change the number of lickings with the wire tume. 

When a current is established, a magnetic field is created in 
the ether, the medium about the circuit, and when the current 
ceases, this magnetic field collapses and disappears. This 
magnetic field is of the nature of a strained condition in the 
medium, and work is required to establish the field. More- 
over, when such a field collapses or disappears, the stored 
enei^ is returned to the circuit in the form of an induced 
current. 

The nu^netic field about a circuit carrying a current is then 
to be considered as the seat of a certain amount of enei^ 
whose m^nitude depends upon the strength of the current 
and also upon its distribution, that ia, upon the shape and 
dimensions of the circuit and the number of turns of wire. 
This is quite analogous to the case of a system of material 






particles in rotation, in which the kinetic 



rl 



energy of rotation depends upon the masses 
of the particles as well as upon their space 

J distribution. 
Consider a circuit (Fig. 89) in which the 
inductance and resistance are concentrated in 

F(o. 89. 

L and B respectively, with an impressed 
potential difference V. In a non-inductive circuit the current 
rises to its full value instantly when the circuit is closed. 
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This is not the case, however, when an inductance Ib present, 
for in this ease m^netic flax lines are linked with the wire 
turns of the circuit We have seen that this means that a 
potential difference is established which depends on the rate 
of change of enrrent, and which opposes the change. When 
the key K is closed and current begins to flow through L, its 
associated fleld sweeps out and cuts other wire turns, thus 
setting up a potential difference given by equation (26), 

(36) F = -if- 



136. The Helmholtz Equation. The impressed potential 
difference F(Fig. 89) may be considered as at any instant 
equal to the sum of two components : one part Vi maintains 
the current in the ohmic resistance of the circuit, while the 
other part F» maintains the growing current in the inductance. 
We may then write 

V= F, + F", 
or 

(36) V= iB + L^' 

at 

Equation (36) is called the Helmholtz equation. It gives the 
instantaneous value of the potential difference at the terminals 
of an inductive circuit. ' The inductance L is always essentially 
a positive quantity and may be equal to or greater than zero. 

Suppose L = 0; then the second term of the right-hand 
member of equation (36) is zero, and the impressed potential 
difference is equal to the iR drop through the circuit. 

Suppose that L is greater than zero ; then for a rising value 
of t', that is, with di/tU positive, it is obvious that the iR drop 
through the circuit is not so large as the impressed V, and 
the quantity L (di/dt) is of the nature of a reversed potential 
difference which retards the rise in the current. 
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For a decreasing curreut the term L (di/dt) is negative ; 
then Uie iR drop is greater than the impresBed F. This 
means that the inetantaneous value of the current is greater 
than it would be in a Don-inductive circuit, and the effect of L 
is to retard the fall in current strength. 

If the current strength is constant, that is, if di/dt = 0, the 
impressed V is equal to the iR drop. 

It is then obTiouB that in a circuit possessing inductance, 
through which a varying current is flowing, the impressed 
voltage is not represented by the iR drop in the circuit, but 
includes also that part which is utilized in storing energy in 
the ma^etic field about the circuit. The effect of the induc- 
tance is to make the changes in the current lag behind the 
changes in the impressed potential difference. 

Self 'inductance is thus seen to be that property of the circuit 
which opposes any change that is made in the current strength. 
It is anal<^ous to the inertia of matter, which opposes any 
changes in the velocity impressed on a body. 

The Helmholtz equation may be written in the form 

^^^ '-R Rdt 

This equation shows that during the period of increase of i, 
the instantaneous value of the current is less than the final 
value which V is able to maintain by the amount 

Rdt' 
The theory of dimensions requires that L (di/dt) must itself 
be a potential difference, and the negative sign shows that it 
tends to retard the growth of t. If di/dt is negative, as it is 
for a decreasing current, the sign of the last term of equation 
(37) is positive; hence, i is greater than its steady initial 
value V/R. 
In large distributing systems which carry heavy currents, 
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and in wliicli the time constants are small, the effects of sudden 
breaks or abort circuits are often exceedingly violent. Enor- 
mous induction currents are quickly eatabliahed, which have the 
suddenness and disastrous effects of violent explosions. 

137. The Growing Current and the Time Constant Let 

as assume that a potential difference V is suddenly impressed 

on a circuit of resistance B and inductance L. The Helmholtz 

equation, 

(38) V= iR + i|*, 

is a differential equation vhich expresses the general relation 
between the variable quantities i and t. The integration of 
this equation gives the instantaneous value of the current at 
any time ( seconds after the potential difference is impressed. 
Separating the variables, we have 



iB-V=-L'^, 
(ft 



" dt' 



irhenoe 

di B,. 

(41) "r""^ 

R 
The final value of the current after it has become steady is 
V/R; let us denote this by I. Integrating between the limits 
of zero and (, at which instants the currents are zero and i, 
respectively, we obtain 



(42) 






(43) t''^'^'"-^*I=["f'I' 
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(44) log.{i-/)-log,(-i)= 



(«) 



~I L' 



(46) i = I{\~^'^"-). 

From equation (46) it is seen tlia,t when t = 0, i = 0, and when 
( equals infinity, i = /. The general form of the curve that 
shows the relation between values of i and t is shown in Fig. 
90, curve I, which is asymptotic to the line i = /. Only after 




a time which is theoretically infinite, does i become strictly 
equal to /; but for values of L and B which are actually in 
use, i practically attains its final value in a few seconds, ot 
even in a fraction of a second. 

In order to compare the quickness with which currents grow 
in inductive circuits, it is obviously impossible to use the full 
time required for attaining the steady state, as these times 
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are in every case theoretically infinite. It is cuatomary, how- 
ever, to use the time required for the current to reach some 
definite fraction of its final value. If * ia made equal to L/R 
seconds in equation (46), that equation takes the form 

(47) i=I--I, 

and it ia seen that at this time the current falls short of its 
full or final value by an amount equal to 1/e times the final 
value, that is, about 0.37 times the final value. This factor 
L/R is a characteristic constant of the inductive circuit, and is 
called the time constant. The effect of the inductance in 
delaying the rise of the current to ita full value is measured 
in terms of this time constant. 

138. llie Falling Current and the Time Constant. Con- 
sider a circuit of resistance B and inductance L, in which a 
steady current i^ is being maintained by an electromotive force 
of value V. If the electromotive force is suddenly cut off by 
the opening of a switch, the relation between the decreasing 
current and the time is given by the integration of the Helm- 
holtz equation, which for this case will be written in the form 

(48) 0=Ri + L^- 
Separating the variables, we have 

(49) f = ~f*- 

Integrating both sides of this equation between the limits 
zero and (, at which instants the currents are ^ and i respec- 
tively, we have 

whence 



(61) h-'I.— IH- 
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(53) f = i>-"'^ 

From equatdon (53) it is seen that when t = 0,i has the value 
ij, and when ( ia infinite, i becomes zero. The graphical rela- 
tion between * and ( ia shown in curve II, Fig. 90. For a time 
equal to L/S seconds, it is seen that 

(64) f-li, 

and this value of the time, in which the current falls to 1/e 
times its initial value, ia called the time constant. This time 
constant is a characteristic of the circuit, by means of which we 
can express the efFect of the inductance in retarding the fall 
of the current to zero. 

If we integrate both sidea of equation (53) between the 
limits zero and infinity, we find the total charge' Q which Hows 
through the circuit when the electromotive force is cut off; 

whence 

(66) e-(.|- 

From equation (65) the time constant is given a new signifi- 
cance; it ia seen to be that time interval during which the 
initial current would have to flow if it remained constant, in 
order to convey the charge which does actually pass. 

In the design of electromagnets, where quick action is 
required, or where the time relations of the mechanism to 
other parts is specified, the time constant is important, as it 
is the factor which controls the rate of rise or fall of the 
magnetizing current. 
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For an average telegraph sounder the time constant will 
be less than 0.01 second. For a relay of 150 ohms resistance, 
it will be about 0.03 second. For the field magnets of a 
dynamo it may be as high as ten seconds. These figures 
signify the time interval required for a growing current to 
reach a value equal to 0.63 of the final value, or for a decreas- 
ing current to fall to 0.37 of its initial value. 

139. The Energy in an Inductive Circuit When a poten- 
tial difference V is impressed on a circuit and a current i is 
established, the energy dW given to the circuit in a time dt is 
expressed by the equation 

(66) dW= Vidt. 

If the clrcnit is inductive, a part of the energy is stored in 
the magnetic field about the inductance, while another part is 
dissipated as heat in the ohmic resistance. Separating these 
components and remembering that L (di/dt) is a potential di£Eer- 
ence, we may write equation (56) in the form 

(67) dW=.i*Rdt+L^idt. 

In order to find the energy W^ stored in the inductive part of 
the circuit, the last term of equation (57) may be integrated 
between the limits zero and /, where / represents t^e final 
value of the current: 

(68) F;=X'i|id,-lLJ.. 

This is called the intrittsic energy equation; it gives Uie value 
of the energy stored in the circuit due to the establishment 
of the magnetic field. If the current is reduced to zero, the 
magnetic field will collapse and disappear, and the energy will 
be returned to the circuit, appearing as a flow of cba^e, if the 
circuit is closed. 
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It ia of interest to note the analogy between equation (58) 
and the expreseion for the kinetic energy of a rotating 
body: 

K.E. = \ K^, 

irheie f is the moment of inertia and u is the angular speed. 
It is apparent that self-inductance in a cireait bears the same 
relation to a changing current that inertia does to changing 
speed. The indnctance, like the inertia, always tends to op- 
pose the change. 

When a hot spark is required for ignition purposes, it is 
not sufBcient merely to break the circuit of a dry cell or 
storage battery, for the potential difference appearing at the 
terminals is that of the battery only, and represents but a 
small amount of power. If, however, a coil of large induc- 
tance is put in series with the battery, an amount of energy 
given by equation (58) is stored in the magnetic field at a 
relatively slow rate. This energy may be made as large as 
desired by the 'proper regulation of L and I. The sudden 
breaking of this circuit causes a rapid decrease in the current, 
and a correspondingly large potential difference appears at 
the separated terminals. The stored enei^ is released 
quickly and a hot spark is the result. 



140. Inductance and Capacity in Parallel If an indnctive 
coil is shnnted by a condenser in series with some resistance, 
as shown in Eig. 91, the time constants of the two portions of 
the circuit may be so chosen 
that the effects of capacity 
and inductance will annul 
each other. From equa^ 
tion (21), 5 126, the current 
flowing through AA' alone 
is given by the equation 
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From equation (46), the enrrent flowing through BS alone is 
given by the equation 

(60) );, = i(l-e-*"). 

If the time conetants are made equal, that is, if 

(61) |=fiO, 

and if both branches of the circuit have the sam^ potential 
difference simultaneously impressed, then the total current 
flowing through the circuit ia given by the equation 

(62) ». + iz = /. 

This equation shows that under the assumed conditions, the 
current which flows is precisely that which would flow if the 
circuit had a resistance R but neither capacity nor inductance. 
This principle is applied in an important way in modem 
telephone circuita, where the inevitable capacity of lines and 
cables distorts the wave form of the voice currents, thus 
greatly diminishing the clearness of the speech transmission. 
The effect of the capacity is to cause the various components 
of the voice currents to travel with different speeds and to 
die away at different rates, and it is desirable to overcome this 
effect as far as possible. This is accomplished by introducing 
inductance in the form of loading coils at intervals through- 
out the circuit, and it is only by this means that the recent 
advances in long distance and cable transmission have been 
possible. 

141. A Relation between Self and Mutual Inductance. 
Consider two circuits, A and B, connected in helping aeries, 
with the same current i flowing in each. Let L, and ij repre- 
sent respectively the inductance in each circuit, and let M be 
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their mutual inductance. By equations (8) and (22) the num- 
ber of linkings ie 

(63) for the A circuit : ^^ = i^i + Jfi, 

(64) for the B circuit ; S, = L,i + Mi. 

Equation (63) gives the number of linkings between lines of 
force arising in the A circuit, and wire turns of the B circuit. 
Ek[uatiou (64) gives the number of linkii^ between lines of 
force arising in the £ circuit, and wire turns of the A circuit. 
The total number S of linkings due to lines of force common 
to both circnits is then given by the sum of J/j and N,; 
whence 

(65) Jf=jr, + y, = (ij + i, + 2J0^ 

If ii represents the aelf-inductance of the system considered 
as a single coil, then 

whence 

(66) L,= (L^ + i,-|-2 30. 

If the coils A and B are now connected in opposing series, 
the method applied in deriving (63) and (64) will give, 

(67) for the .d circuit ; iy, = L>-3ft, 

(68) for the B circuit : S, = h,i- Mi. 

The total number If of linkings due to lines of force common 
to both coils will be given by the sum of (67) and (68) ; 
whence . 

(69) N=: N^ + N, = (L^ + L,-2 M)i. 

If L, represents the self-inductance of the system considered 
as a single coil, we have 

N= Lti, 
whence 

(70) L, = {L^ + La-2M). 
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Subtracting (70) from (66), and solving for Jtf, we have 



(71) 



1^. 



If two similar circuits with equal self-inductances are 
imagined to be absolutely superposed in space, it may be 
shown that 

(72) L^ = L, = M. 

142. The Quantity of Electricity in an loductiye Circuit. 

If a potential difference is induced in a circuit by some change 
in the number of llokings of its wire turns with magnetic 
lines of force, the value of the resulting current, in general, 
will not be constant. Moreover, the induced current is tran- 
sient, persisting only while the change in the linkings is tak- 
ing place. The value of this transient aud variable current is 
difficult to measure. In general, it is more useful to measure 
the total c^uantity Q of charge which passes. The value of 
thia quantity is easily calculated. At any instant, the value 
of the current flowing through a resistance R under a poten- 
tial difference F"is, by Ohm's law, 

(73) <=f 

Remembering that i=dQ/dt, and that V= d2f/dt, we may 
write 

4* 



(74) dQ = ^dN. 



Integrating this expression for d Q between the limits N^ and 
^1, which are respectively the initial and final values of the 
flux turns, corresponding to the values zero and Q of the 
charge, we have 



■Sjr.iaj. 
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Representing the change in tlux turns by AN, equation (75) 
may be written in the form 

(76) «_^. 

This equation states that the indnced charge is numerically 
equal to the ratio between the total change in the number of 
linkings and the total resistance of the circuit through which 
the charge passes. It is seen that the amount of the induced 
chaise is independent of the time. It must be remembered 
that the mere condition that lines of force are interlinked 
with wire turns does not induce the flow of a charge. Induc- 
tion currents only arise when some change in the number of 
linkings occurs, that is, when the lines of force are being cut 
by wire turns. 

As an illustration, consider the case of the current inductor 
(S 131), with a steady current through the primary. Let the 
corresponding number of linkings be denoted by -Wi. If the 
circuit is broken, the magnetic field collapses, and If^ is zero. 
For this case, the charge induced in the secondary is 



If current is started through the primary, the linkings with 
the secondary circuit increase from zero to Jfj, and 

«■=!• 

If the primary current is reversed in direction, the lines of 
force are first withdrawn and then immediately reestablished 
in the opposite direction. For this case 

Jffi = Nt=:N 

and 

(77) e-^?4f^-?|- 
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The quajitity is given in absolute units when N and S are 
in absolute units. If A is in ohms and Q is in coulombs, then 



1. Check the equation at $ 136 by means of dimensional formulas. 
I. Check-the defining equations for self and mutual inductance by 
means of diniensioiial formnlas. 

5. A pair of circuits has a mutual inductance of 3 mllllheurya. A 
cturent of 1 ampere la started through the primary. What is the value 
of Uie charge induced in the secondary, if its resistance Is 0.1 ohm ? 

<. A circuit has a resistance of 1.0 ohm, and an inductance of 0.6 
henry. An initial current of 100 amperes in flowing, when the Impressed 
potential difference is cut off by opening a switch. Find (a) the luitlal 
rate of decrease of the current; (b) the time constant of the circuit; 

(c) the value of the current Htrength for e = 0.01, 0.1, and 1.0 second; 

(d) the rale of change of current lor the times given in (e). 

6. A potential difference of 110 volte is impressed on a circuit of re- 
sistance S ohms and inductance of 0.04 benry. Calculate (a) the initial 
rate of rise of current strength ; (b) the value of the current strength for 
( = 0.02 second ; (c) the iE drop and the Inductive drop at this Instant ; 
(d) the rate of change of cnrrent at this instant ; (e) make the calcula- 
tions of (c) and (d) for ( ^ 0.5 second. 

C. In order to trace the rate of growth of a current in 
cuit, find the fraction of its final value tor ( = L/S, t = 2 L/B, 
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CHAPTER VI] 

ELECTRICAL QnAKTITT AND THE BALLISTIC 
GALVANOMETER 

143. Fimdomental Relations. In the pTeceding chapters 
three important eqiiations have been diseuased, which deal 
with the quantity or amount of charge passliig through a 
circuit. 

In § 102, it was shown that the value of the quantity, when 
a constant current ( flows through a circuit for t seconds, is 
given by the equation 

(1) «=.ii 

whereas, if the current is not constant, the value of the charge 
is, by equation (1), § 117, 

(2) Q=fidi. 

In g 117, it was shown that the quantity stored in a con- 
denser is given by the equation 

(3) Q = CV. 

In g 142, equation (76) gives the value of the total induced 
charge in terms of the change in the number of linkings and 
the resistance of the circuit, in the form 



For the measurement of quantity passing more or less con- 
tinuously through a circuit, as in (1) above, and of relatively 
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large value, as in the case of lighting or power circuits, a 
quantity meter in some form muat be used. These meters are 
called coulomb meters or ampere-hour meters. For a detailed 
description of them the student is referred to the larger trea- 
tises and the journals. 

For the measurement of the transient and relatively small 
quantities produced by the dischai^e of a condenser, or arising 
in an inductive ciicoit, as in (3) and (4) above, the ballistic 



IM. Hie Ballistic Galvanometer, The term " ballistic " is 
derived from a Greek word signifying to throw. Its descrip- 
tive meaning is obvious when it is considered that this galva- 
nometer is used only to measure time integrals of transient 
currents. The conditions under which it is osed do not admit 
of steady deflections, but rather of an initial throw, followed 
by a series of swings of decreasing amplitude. It is this first 
throw which is observed, and which is found to be proportional 
to (and therefore a measure of) the passing charge. 

The current through the galvanometer is not constant, and 
it is of very short duration. The reaction of its magnetic field 
with the field of the instrument produces an impulsive torque 
on the suspended system. This is opposed by the torque due 
to (a) the elasticity of the suspension in the moving-coil type, 
(6) the controlling magnetic iield in the moving-needle type, 
and (c) the torque due to air friction, or to the magnetic field 
reactions of induced currents, set up either in metallic parts of 
the instrument or in the wires of the circuit itself. 

The moving system must have a sufficient moment of inertia 
so that it does not begin to move until practically all the 
charge has passed, and its motion must not be too fast, or the 
observer will have difficulty in reading the throw. Any gal- 
vanometer of either type may be used ballistieally with certain 
restrictions. 
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lis. The Suspended^ieedle Type. The moving-iieedle bal- 
listic gaJvanometer is quite like any other sensitive galva^ 
nometer of its type with the addition of two characteristic 
features : (a) the needle is masBive, or in some way loaded so 
as to give it a lai^e moment of inertia ; (b) the galvanometer 
is so designed that the damping is very small. 

It is usually made with a small bell-shaped needle in order 
that air friction, the chief cause of damping in this type, may be 
avoided. Its sensibility can be increased by using the astatic 
system, and may be varied by using interchangeable coils, vari- 
able coil distance, or variable control with permanent magnets. 

To set up such a galvanometer, select coils of suitable re- 
sistance, and with the control magnet removed, fix the mirror 
on the suspension so that it faces away from the scale. Now 
by means of the control m^net, or suitable bar magnets laid 
flat on the table near the galvanometer, bring the needle about 
until the mirror faces the scale. Careful manipulation of the 
magnets will give a very small residual control ; bence the 
galvanometer can be made as sensitive as desired. A workii^ 
period of 10 seconds is usually sufficiently sensitive, while a 
period of 15 seconds or more is impracticable under ordinary 
working conditions because of stray fields from adjacent elec- 
tric circuits. On account of the susceptibility of this type 
of galvanometer to such disturbances, It has been largely 
superseded by the moving-coil instruments. 

For a suspended-needle galvanometer, if damping is 
n^lected, it may be shown that the relation between the 
charge passing through its coils and the deflection is given by 

(6) «=Gsm|, 

where (? is a constant and d is the first throw. 

146. The Suspended-coil Type. In the moving-coil l^pe 
of ballistic galvanometer, the transient current sets up a mag- 
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netic field about the coil which lasts only as long as the cur- 
rent flows. This field, during the brief time for which it 
exists, reacts with the field of the permanent magnet, and this 
causes an impulsive torque and a sudden angular displacement 
of the system. The relation between the quantity of elec- 
tricity passing and the resulting deflection is given by the 
equation 
(6) Q=Od, 

where (? is a constant and d is the first throw. 

The values of the constants in equations (5) and (6) can be 
determined readily from the theory, but the calculations in- 
volve an accurate knowledge either of the dimensions of the 
parts and the magnetic field strength, or of the figure of merit 
and the period ; and the result must be corrected for damping. 
Practieally such calculations are of little value. Methods for 
finding these constants, experimentally will be discussed in 
U 149-15L 

147. Damping. A simple pendulum vibrating in air will 
make a great many vibrations before it finally comes to rest. 
If the pendulum ball swings in oil or water, its motion will be 
retarded to a much greater degree, and the vibrationB will 
cease much sooner than before. Indeed the medium may have 
BO great a viscosity that the pendulum, after deflection and 
release, will return slowly to its equilibrium position without 
crossing the zero point. The same variations in the motion 
of the suspended system of a galvanometer may be observed if 
the damping is varied through wide limits. 

By damping is meant the effect of all the retarding forces 
which oppose the motion of a vibrating body. By means of 
these forces, the energy stored in the body is gradually dissi- 
pated. It is usually assumed that the resultant of these forces 
is proportional at every instant to the velocity of the body. 
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Ail friction causes damping in eitlier type of galvanometer. 
In the moving-coil type a more effective cause of damping is 
the establishment of induced currents in the metal parts of 
the coil frame, or in the circuit of the coil itself when the ter- 
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Fio. B2. 

minals are connected. Frequently a small closed rectangle of 
copper wire is attached to the coil for this purpose. 

It may be shown from the general equations for oscillatory 
motion, that for a strictly undamped condition, the deflection 
is a simple harmonic function of the time, of the form 
(T) d = k sin 6(, 

where bt is the phase angle. The graphic representation of 
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this telatdon between deflection and time is shown in curve 1, 
Fig. 92. If the damping is small, the successive amplitudes 
slowly decrease in value, as shown in curve 2. As the damp- 
ing increases, the suspended system comes to rest more 
quickly, as shown in curve 3. For damping greater than a 
certain critical value, the motion loses its periodic or oscillatory 
character and follows curve 4. 

This latter type of non-oscillatory motion is called aperiodic. 
It is desirable in many forms of measuring instruments, inas- 
much aa the observer does not have to wait for the oscillatory 
motion to die away. 

Movii^-coil galvanometers may be so designed that the first 
throw is proportional to the quantity passing through the 
coils, even though the damping is large enough to produce 
the dead beat or non-oscillatory motion. The sensibility is 
greatly reduced, however. A Weston voltmeter, or indeed 
any galvanometer in which the damping is chiefly due to in- 
duced currents, will give a straight-line curve when charges 
are plotted against throws. If the induced currents flow 
through the circuit connected to the galvanometer terminals, 
the damping will vary with the resistance of the circuit, that 
is, the factor G in equation (6) will not be a constant for all 
values of the circuit resistance. 

118. Logarithmic Decrement. On account of the damping, 
the alternate amplitudes of swing of a galvanometer on either 
side of the equilibrium position grow successively less. If 
di, dt, etc., represent these sucecBSive amplitndes, we may write 

(8) i = T = T ^*- 

dt d, d. 

The factor k is called the damping factor, or the damping ratio, 
and its logarithm to the base p. is called the logarithmic 
decrement, which is usually represented by A. Any deflection 
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is less than it would have been if there had been no damping. 
If do represents the throw which would have occurred if the 
motion had been entirely undamped, and d the observed first 
throw, it may be shown that we have approximately > 

(9) <k=d(l+^) 



(10) d, = dVfc. 

These equations must be regarded as giving approximate rela- 
tions only, and the method loses its validity when the correc- 
tion factor reaches a value larger than about 1.20. 

The theory of logarithmic decrement, with methods of 
determining values of the correction factors, was formerly im- 
portant when using suspended needle galvanometers. Pres- 
ent practice employs almost exclusively the suspended coil 
type, rather heavily damped, for which such correction factors 
are of no significance. Lt^arithmic decrement a,nd damping 
are of great importance, however, when dealing with oscilla- 
tory currents, such as are constantly used in high frequency 
circuits and wireless telegraphy, and a full discussion of the 
theory will be found in the larger works upon those subjects. 

149. Calibration of a Ballistic Galvanometer. The cali- 
bration of a ballistic galvanometer consists in sending known 
charges of electricity through the instrument, and observing 
the corresponding deflections. These chains may be produced 
in either of two ways, as follows : 

I. With a standard condenser and a battery of known 
electromotive force, the chaise stored in the condenser is given 
by equation (2), § 117, 

1 Theorettcally, the approximate relation is d—:di,-e-*/*oid;,= d-e^/*. 
Since e*/* = 1 -f X/2 + -■, we have approiimately the relation (9). Since 
** = t, we have e*/i = Vjfc, whence do = rf ■ Vfc, as in (10). 
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(11) Q = CV. 

The galvanometei constant is given by equation (6) in the 

fonn 

G = « = ^. 
d d 

II. By means of any arrangement of a magnetic field and 
of wire turns of a circuit, in which the change in the number 
of linkings can be computed, we can find the charge from the 
relation given in equation (76), § 142, 

(12) Q.f- 

Such an arrangement can be realized by means of a mutual 
inductance M, connected as shown in F^. 93. Any change in 
the current through the 

primary coil P is accom- | Zl t_ "v^/VN. 

panied by an induced 
charge in the secondary 
circuit which causes a 
throw on the ballistic 
galvanometer. 

The value of the 
charge is derived aa 
follows. A constant 

battery of suitable electromotive force is put in series with a 
control rheostat R', an ammeter Am, and a reversing switch 
W. The switch Wenables us to reverse the current through 
the primary of the mutual inductance. The secondary coil S 
is in series with the galvanometer BO, and with an adjustable 
resistance r. If the current strength in the primary coil P is 
changed from some initial value I'l to some final value i^ ^ 
corresponding change takes place in the number of linkings 
with the wire turns of the secondary coil S. The cha^e 
induced is given by equation (75), S 142, in the form 
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(W) «-^^^' 

where R is the total resistance of the Becoadary circuit By 
equatioa (8), § 130, this equation becomes 

(14) Q. '"■-'"' . 

If the current is brought from zero to some value i, by clos- 
ing the switch, we have 

(16) «— X- 

If the initial current ^ is broken by opening the switch, it = 0, 
and we have 

(16) e = ;ffi. 

The changed sign shows that the induced charge is in oppo- 
site directions in these two cases. If the initial current is 
reversed by throwing over the switch W, then 

(17) g. -»fK-(-'.)] ,2^. 

By (6), the value of the galvanometer constant is given by 
the equation 

Q = Gd, 
whence 

(18) Q = ?^'=Od, 



(19) 



_ 2Jtff, 

lid 



In equation (18), Q will be in coulombs when Jf is in henrys, 
B in ohms, and i in amperes. 

In case a standard current inductor is used, equation (19) 
becomes, by (16), § 131, 
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(20) 



Q 






This gives Q in absolute units if i and B are in absolute units. 
To get Q in coulombs, i and if must be in amperes and ohms 
respectively, and the number of linkings must be divided by 
10° ; this gives 

(21) 



8 ff%j-* St\ 



BIO* 

After several pairs of corresponding values of the chaige 
and the deflection have been found, they may be plotted on 
cross-aection paper. If G is constant, for any particular in- 
strument, the curve will be a straight line. Figure 94 shows 
several such curves for a galvanometer, when different resist- 




ances are connected in series with it. The values for Q used 
in plotting curve 1 were obtained from a standard condenser 
and standard cell. (See § 160.) In this case the galvanometer 
was in series with a resistance of some hundreds of megohms, 
the condition being practically that of open circuit, so ^ as 
induced currents in the coil are concerned. 

The values of Q in the other curves were obtained from a 
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standard of mutual mductance by the method of g 151. The 
values of the total secondary circuit resistances are given for 
each of the curves. It is obvious from an inspection of these 
calibration curves that the throw for any given value of Q in- 
creases as the circuit resistance increases, being greatest when 
the condenser method is used. In this case the galvanometer 
is swinging with its circuit practically open, so that the throw 
is not influenced by damping due to induced currents. 

In the case of the slightly damped galvanometer systems, 
for which the motion is oscillatory, the application of the cor- 
rections for damping will reduce the calibration curves taken 
under different conditions of circuit resistance to a standard 
curve for undamped motion. Moreover, this curve will be 
coincident with the calibration curve by using a standard con- 
denser after it has been corrected for damping. 

In the case of the heavily damped, or dead beat moving 
coil galvanometers, there is no simple way of reducing any 
calibration curve to an undamped standard curve, and it be- 
comes necessary to calibrate the gatvanometer for the precise 
eondUion under which it is to be used.* 

In using the ballistic galvanometer it is desirable that the 
throw shall be slow enough to be easily read, that the time of 
return shall be as small as possible, and that the sensibility 
shall be as great as possible. It has been shown that these 
conditions are best fulfilled when the damping is just suffi- 
cient to make the galvanometer aperiodic. This condition can 
usually be I'ealized by the adjustment of the resistance in 
series with the instrument. 

• Special keys have been devised which introduce a fixed resistance inW 
tbe galvanometer circuit Immediately after the condeoaer charge has paaaed, 
or which open the circuit immediate!}' after the iudactive charge has p&ased. 
Such keys are easily arranged and should always be used 11 it is uecesaary to 
calibrate the galvanometer witb one type of circuit and use it with another 
type o[ circnit. In general, however, the galvanometer should be calibrated 
under the same coodittone of circuit reaistaace as those with which it will be 
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160. Laboratory Exercise XXVn. Calibration of a movitig 
coU ballistic galvanometer with a standard condense. 

Apparatus. Standard adjustable condenser, standard cell, 

dischai^e key, and ballistic galvanometer. 
The discharge key, shown in Fig. 95, is a highly insulated 



three-way key, arranged for prompt and convenient manipu- 
lation. The binding post in contact with the rocking lever 
is always attached to one of tbe condenser terminals. The 
battery is put in series with the condenser through the upper 

— e— 



contact points, and the galvanometer is connected to the con- 
denser through the lower contact points. 

PnocEnuRE. (1) Arrange the circuit as in Fig. 96. With 
k pressed to b, the condenser, of capacity C, is charged with 
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the potential difference Fdne to the staudaid ceU. Then tbe 
charge Q given to the condenser is giren by the equation 

Q=CV. 
Witli k raised to a, this charge ia sent throng the galvanom- 
eter, and the conesponding deflection is observed. The value 
of & is then given by the equation 

(2) In Older to determine whether O is conslant for all 
values of the deflection d, it is necessary to vary Q and take 



-©- 



Fio. Ml (repeated). 

deflections over the entire working range of the scale. This 
variatioti in Q is most easily Becuied by using an adjustable 
capacity at C. In case a condenser of fixed value only is 
available, a storage battery and volt box may be used at B, 
the values of the potential differences being determined with 
a potentiometer or an accurate voltmeter. 

(3) Take several readings of the scale deflection for each 
value of the capacity, and record tbe E. M. F. of the battery 
used. 

(4) Calculate the value of Q for each observed value of d, 
and plot a curve coordinating Q in microcoulombs and deflec- 
tions. The quantity Q will be expressed in coulombs when 
is in farads and V is in volts. If C is in microfarads, Q will 
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be in microcoulombs. The observed yaluea of d are subject 
to correctiou for damping. 

In all expeiiments usiDg condeosers, it is essential that the insulatloD 
of the difEerent parts of the circuit should be high. The crossing of wins 
aud contact betweeo the wires and the table ahonld be avoided. Con- 
^derable practice is necessary in order to observe the first throw accu- 
rately, owing to the rapid motion of the galvanometer coil. 

161. Laboratory Exercise XXVm. Calibration of a haUiaiic 
galvanometer icith a standard muttuU indwcta^tce. 

Apparatus. Standard mutual iuduetaace, ballistic galva- 
nometer, reversing switch, ammeter, storage battery, and con- 
trol rheostat. 

Frocbdube. (1) Arrange the circuit as in Fig. 93, making 
r equal to zero. 

(2) Start with some small value of the current, reverse W, 
and note the defection. Beduce If until the deflection on 
reversal is nearly full scale. Read and record several values 
of d for successive reversals, together with corresponding 
values of the current. Reduce the current and repeat the 
readings with deflections about half as large as before. 

Report. (1) Tabulate all the readings, together with the 
means of the galvanometer deflections. Record also the total 
resistance of the secondary circuit, and the probable precision 
of the ammeter and galvanometer readings. 

(2) Plot a curve between microcoulombs as abscissas and 
deflections as ordinatea. Account for the form of the curve 
if it departs from a straight line. 

(3) In order to show the variations iu these curves plot the 
calibration curve for the galvanometer as taken by the method 
of § 150. On the same sheet plot the curve as found above. 

Increase r from zero to some value such that the total resist- 
ance of the secondary circuit is made successively two, three, 
and four times the original value. In the manner described 
in (2) take data for calibration curves for these three condi- 
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tdons, and plot them alao on tlie same sheet with the other 
two. Account for the variation in the slope of the curves and 
state what inferences may be drawn from the experiment. 

1S2. The Magneto-InductOT. The magneto-inductor is a 
convenient and self-contained device for producing a change 
in the number of linkings 
between the lines of force 
of a fixed bar m£^net and 
the wire turns of a movable 
coil. With this change in 
the number of linkings 
known, the value of the 
induced charge in a circuit 
of given resistance may be 
found. One form of the 



b ^ b 



¥■ 



Fig. 97 consists of a bowl- 
shaped casting ABC, in the center of which is fixed a stroi^ 
■ and permanent bar magnet NS. Attached to the top of 
the bar magnet is a circular plate which almost completes 
the magnetic circuit, leaving a narrow circular air-gap at bb. 
Through this air-^p passes freely a brass tube DD, which 
carries at cc a coil of fine wire. The ends of this wire are 
attached to two binding posts at the top of the tube. 

Let the m^netic fiux across the air-^p be represented by 
ifi. Then with S turns in the coil, the change in the number 
of linkings as the coil drops freely through the air-gap is given 
by the equation 

(22) N= 5.^. 

If S is the total resistance of the circuit which includes the 
galvanometer and the coil, then the charge induced is 

(23) 



Jf 



b, Google 



VII. { 1531 THE BALLISTIC GALVANOMETER 219 

In order to eliminate Q and determine N we may write, by 
equation (18), 

(24) Q = 2^'=eA 

where M \% a, mutual inductance used as in § 151. DiTiding 
(23) by (24) and solving for N, we have 

(25) N=2Mi^- 

The total ilux across the air-^p is found from the equation 

(26) ^=A = 2^^. 
^ ' S ^ 8D 

If A is the area of cross-section of the bar magnet NS, the 
flux density through it is 

(27) B=* = 2^i^. 
*• ' A ASD 

If Jfand i are measured in henrys and amperes, respectively, 
the equation (25) becomes 
^8) N=2Mi^lV, 

and the same factor, lO", must be introduced in equation (26) 
and (27). 

If the magnet has been properly made, and if the air-gap is 
small, the flux lines will be constant in number for a long time. 
The device then affords a rapid method of calibrating a ballis- 
tic galvanometer with a minimum of apparatus. If used in 
circuits like those of §§ 222 and 236, the drop coil should be 
left connected in the galvanometer circuit throt^hout the ex- 
periment in order to keep the circuit resistance constant. 

163. Laboratory Exerdse XXIX. To determine the con- 
ttanta of a magneto-indwdor. 

Afpabatus. Magneto-inductor and apparatus as in Laborar 
tory Experiment XXVIII, § 151. 
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Pbogedurb. (1) Arrange the circuit as in Fig. 93. Con- 
nect tlie coil of the nu^eto-inductor in series with the ballistic 
galvanometer and the secondary of the mutual inductance. 
Drop the coil and observe the throw d. Repeat several times, 
using different values of ^8 if possible. 

(2) With the coil fixed in position, reverse a suitable current 
through P, and observe the corresponding throw D. Repeat 
with several different values of the current strength. 

(3) From tJiese data calculate the value of N, using equation 
^8). Also find values of ^ and B, and state the units in 
which all the quantities are expressed. Make a study of the 
apparatus in order to determine whether the drop coil is cut- 
ting all the lines of force due to the magnet 

EXERCISES 

1. Given a magneto-inductor together with its coDstuitB, and a liallUtic 
galvanometer. Sbow how the ballistic constant of the galvanometer is 
determined. 

S. Show folly from Lenz's law that the charge indaced in the eecond- 
ar; circuit of amntual inductance on reversing the current in the primary, 
is twice as great aa for either make or break. 



b, Google 



CHAPTER VIII 
THE MEASDHKMEHT OF CAPACITY 

164. General Coosiderations. The measurement of ca^ 
paoity is an important part of the work of an electrical labora- 
tory. It involves the calibration of standards, the comparison 
of laboratory or secondary standards, and measurements on 
cables, atrial or submarine, and telegraph, telephone, and 
power lines. 

Capacity is of special importance when present in alternat- 
ing current circuits. For an alternate charge and discharge at 
low frequencies, such as those used in commercial light and 
power circuits, capacity measurements agree with those made 
by single charge and discharge. 

Under the action of high frequencies where the charges and 
discha^es alternate very rapidly, from a few thousand per 
second upward, a given capacity will measure less than for a 
single prolonged charge, or for a comparatively slow charge. 
For the theory and methods of capacity measurement at 
high frequency the student should consult the textbooks and 
treatises on wireless telegraphy and high frequency circuits. 
Only methods which are applicable to low frequency or to 
static charge and discharge will be considered here. 

A capacity may be measured by comparison with a standard 
capacity, by comparison of its stored charge with that dis- 
ehai^ed by a self or mutual inductance, and by absolute methods 
which are independent of previously measured standards. 

Suppose two condensers of capacities C, and C, are charged 
respectively with potential differences Fj and Fj, developing 



b,Googlc 



222 THE MEASUREMENT OF CAPACITY (VIII. S 154 

chi^SCB Qi and Q,. These relations may be expiessed by tlie 
equations 

(1) «.= C.Fi 
and 

(2) e,= c,F^ 

If the same charge is given to both condensers, which ia 
always the case if they are connected in Beries, we have 

(3) CiFi = C,Ffc 
or 

(4) ^-:Hi. 

If the two condensers are charged with the same potential 
diffeience, however, we have 
(S) Vi = Vi; 

dividing (1) by (2), we obtain the relation 



(6) 






The equations (6) and (6) give two fundamental relations by 
which capacities are generally compared. In equation (4) 
potential differences may be measured, or better, their ratio 
may be fonnd. In equation (6) a ballistic galvanometer is 
required to measure the quantities. 

166. Comparison of Capacities by Direct Deflection. Sup- 
pose Ci (Fig. 98) represents the capacity of a standard con- 
denser and 0, is that of a condenser whose capacity is to be 
measured. Either condenser may be introduced separately 
into the circuit by means of the three-way key k. A dischai^e 
key, like that shown in Fig. 95, is placed at K, and serves to 
charge either condenser, and to dischai^ it through the 
ballistic galvanometer. With k across 1 and 3, and with K 
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pressed to point b, the charge Q, in condenser Ci is given by 
tiie equation 

•where V is the potential difference of the battery. Wh^i k ia 
raised to point a, this cha,i^e passes 
through the galvanometer and we 



(7) 



Qi=0,V=6dj, 




where Q is the ballistic constant 

of the galvanometer. If h is now 

made to connect the points 2 and 

3, and K is thrown in succession to 6 and a as before, the 

charge in C is given by the equation 

(8) Q,= C,r=Gfdt. 

Dividing (7) by (8), we obtain the relation 

«j C, d,' 



vhenoe 
(9) 



= C,^ 



In the method as just described, the galvanometer is in 
circuit with the condenser throughout the entire time of the 
deflection. Ihiring this time some part of the absorbed charge 
is certain to appear. ' The effect of this absorption will be to 
produce a current in the galvanometer coil during the entire 
time of the deflection. This tends to increase the deflection, 
and the longer the period of the galvanometer, the greater 
becomes the efFect of the absorbed charge. This leads to a 
value of the capacity which increases with the period of the 
galvanometer, and hence it is a variable magnitude, which 
depends upon the experimental conditions. 
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Figure 99 shows the relation between the quantity dis- 
chai^ed from a given condenser and the time. Assume that 
during the first 0.01 second practically all of the charge has 
passed, and that the absorbed charge does not all appear until 
some seconds later. If now, the condenser can be disconnected 
from the galvanometer immediately after the point n is reached, 
then the quantity sent through 
the coils will be independent 
of the absorbed charge, and 
hence of the period. The 
charge which passes before 
the point n is reached may 
be called the free charge, and 
the capacity computed there- 
from may be called the free 
capacity. Standard condensers 
thus rated may be measured with a high degree of precision, 
provided the temperature coefficient of the condenser is known 
and the corresponding correction is applied. To compare the 
free capacities of two condensers, a discharge key is required 
which will open the galvanometer circuit within a few hun- 
dredths of a second after the battery is applied. 

166. Laboratoi; Exercise XXX. To compare capacities by 
the direct deflection method. 

Apparatus. Standard condenser, the condenser to be meas- 
ured, ballistic galvanometer, three-way key, discharge key, and 
one or more battery cells. 

Pkocedure. (1) Arrange the circuit aa in Pig. 98. Set the 
three-way key on the standard condenser side, and charge the 
condenser. Then quickly discharge through the galvanometer 
and read the corresponding throw. This should be repeated 
several times. The mean of these readings may be called d,. 

(2) With the three-way switch on the unknown condenser 
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side, a similar set of readings will be taken. The mean of 
these may he called dj. 

(3) Calculate from equation (9) the value of the unknown 
capacity. 

(4) The readings may be repeated with different values of 
V, thus bringing the deflection to different parts of the scale. 

The chief objection to the method is that deflections must 
be observed. Zero methods are always preferable when 
possible. 

In case widely different values of capacity have to be com- 
pared, it is well to vary the values of Fso that the deflections 
may be kept approximately the same. This can be done by 
using a volt box in series with the battery, the charging poten- 
tials being taken from traveling contacts AB (Fig. 63). 

Since the voltage between A and B is proportional to the 
resistance between these points, equation (9) may be written 
in the form 



(10) 



-, nds 



It U important that the insolation sliould be high. For this reason, 
all crossiDg of wires or contact of the insolated covenng with the table 
or other pieces of apparatos should be avoided. The canaecting wires 
should be run as sir lines throughout. This pi«caution will be neceasar; 
in all work on capacity. 

167. Laboratory Exercise XXXI. To study leakage, absorp- 
tion and resldtuU charge. 

Apparatus. Condenser, ballistic galvanometer, discbarge 
key, and one or more cells of battery. 

Procedure. I. Leakage. (1) Arrange the circuit as in 
Fig. 96. Charge C by pressing k to 6 for an instant, and 
immediately discharge through the galvanometer, reading the 
deflection d). Again charge 0, insulate by holdii^ k on the 
middle position, and after 10 minutes discharge, read the 
throw df. 
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^ Continue in this way, making the time for which the 
key is on the middle position successively longer until the 
discharge throw has reached about one tenth of its initial 
value. 

(3) Plot a curve between values of time and throw. Since 
the throws are proportional to the chaises, the curve may be 
used to calculate the percenta^ of the original charge which 
leaks away per minute. For a given interval, say the first one 
of ten minutes, the leakage is proportional to dg — dj, while 
the percentage that leaks away per minute is given by the 
formula 

nix di-d» ^ 100 

(4) If the leak^e is small, as it is in a mica condenser, the 
time interval for which k is held on the middle point is taken 
longer. If the leakage is rapid, as it is in a paraflined-paper 
condenser, the interval may be a few seconds only. 

II. Absorption. (1) With the circuit as in Fig. 96, and a 
mica condenser at C, chaise and immediately discharge through 
the galvanometer, and read the throw. 

(2) Charge again for t«n seconds and discharge. 

(3) Bepeat with increased time of charging up to two or 
three minutes, recording the discharge throw after each charge. 

(4) Bepeat the same program with a paper condenser at C 

(5) Tabulate the results. 

III. Residual Charge. (!) With the circuit as in Fig. 96, 
charge a mica condenser for three minutes, then dischai^e and 
note the throw. Bring the key promptly to the insulating 
position, being careful not to make contact with the battery 
terminal. To avoid doing so, the battery may be disconnected. 

(2) After successive periods of one minute insulation, dis- 
charge the condenser and note the throws. 

(3) Bepeat the same pri^ram with a paper condenser at O 
Include in the report a discussion of the infoi'mation which 
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these experiments have yielded as to the quaJities of the con- 



£^H^ 




, The Comparison of Capacity with the Wheatstone 
First Method. Two reaiBtances and the two oon- 
to be compared are ar- 
ranged in series. Across the alter- 
nate JTinctiou points a galvanometer 
and a battery are connected, as shown 
in Fig. 100. When the three-way 
key K is raised to a, the condensers 
are chained, and when pressed to b 
they are discharged. The resist- 
ances Bi and R^ are so adjusted 
that no deflection of the galvanom- 
eter occurs when the key is ma- 
nipulated. Let i\ and tg be the cur- ' 
rents through Ri and Bj at any '" "~ 

instant, and let Fi and Fj be the corresponding potential 
differences across Bi and Bt respectively. Assuming that 
the condensers are perfect, the charges in each are given by 
the equations 

The condition for no deflection is that the potential is the 
same at p and p' ; hence we have 

<'^' 1=1;- 

If we let d( represent a short time interval, we may write 
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whence 
(13) 






Combiiiiiig equations (12) and (13) we hare 
(14) 






It will be observed that the sequence In which the aides of 
the bridge eater in the formula differs from that in the corre- 
sponding formula for resistance com- 
parisons. 

Second Method. With the con- 
densers and resistances arranged in a 
closed circuit as before, the galvano- 
meter and battery are connected as ili 
Fig. 101, with tap keys at k and K. 
When K is closed the two condensers 
are chained in series, and the quantity 
**■ given to each is the same. If Vi and 

Vi represent the chargii^ potential differences, we may writ« 



5 = Z^ 




(16) 

Moreover, we have 



when no current flows through the galvanometer i 

hence we have 

(16) $ = «=. 



m 



Combining equations (16) and (16) we obtain the relation 
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Absorption and leakage tend to give values other than the 
true capacity, and this difficulty is esa^erated if the time 
of charge ia prolonged. A uniform and quick tapping of the 
keys will tend to eliminate this effect. For long cables of 
large capacity the time of chaining may be several seconds, 
but for ordinary laboratory condensers the keys should be 
tapped in quick succession. An advantage of the method is 
that any sensitive galvanom- 
eter, not necessarily a bal- q ./ 1.^ Ac i 

listic one, may be used. 

For cable testing the cir- 
cuit is shown in Fig. 102. 
In this case Cj is a standard "-i [ |J 

capacity and d is the cable . >J/^ r 
whose capacity is to be found. M H ^ ^ 

The cable will usually be 

coiled in a tank and earth connections will be made as at E. 
For rapid determiEiations in commercial testing a low frequency 
alternating current and a telephone receiver may replace the 
battery and galvanometer. The time constants of the arms £, 
and Ri must be small compared with the period of the alter- 
nating current. The vibration galvanometer may also be used 
in place of the telephone receiver. 



k\m 



1S9. Laboratory Exercise XXXn. To compare capacities 
toit^ the Wheaitttme bridge. First method. 

Afpakatus. Standard condenser, condenser to be meas- 
ured, two resistance boxes of at least 2000 ohms range, 
discharge key, several dry cells, and a sensitive galvanom- 
eter. 

Pboceduee. (1) Arrange the circuit as in Fig. 100. Make 
S, small, say 10 ohms, and make S, as large as the rat^e of 
the box will permit. Kaise the key to a, then dischai^ and 
note the throw. 
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(2) Proceed further as in (2), (3) and (4) of Laboratory 
Exercise XXXIII, g 160. 

ITke firat throw of tbe galvuioiDeter ib often followed by & deflection 
in the opposite direction. Tbis is due to abeorption »nd rosy be disre- 
garded, attention being given to bo balaDcing the KeistanoM that the flist 
tbrow k made equal to xero. 

160. Laboratory Exercise XXXm. To compare capacities 
vriih tJie WheattUme bridge. Second method. 

Appakatub. Standard condenser, condemer to be tested, 
two resistance boxes of at least 2000 ohms range, two tap 
keys, several battery cells, and a sensitive galvanometer. 

Pkocedube. (1) Arrange the circuit as in Fig. 101. Make 
Si small and make Rx as large as the range of tbe box will 
permit. Tap k several times to insure the complete discharge 
of the condensers, then tap f with h down, and note the 
deflection. 

^) Make Bt small and iti large, and repeat the procedure. 
Note the deflection, .which will probably be in the direction 
opposite to the first one. If it is not, the range of the resists 
ance must be increased or a standard condenser of ditferent 
value must be selected. In case the two deflections are in 
opposite directions, proceed to adjust .8, and B, until no de- 
flection is observed. Estimate and record the least deflection 
which could be observed on the scale. Increase R, until this 
least observable deflection appears, also decrease Bt until the 
deflection in the opposite direction is just perceptible. Ke- 
cord these values of Bt, also their mean, which gives the most 
probable value. 

(3) Repeat the readings with different values of B, and Bt, 
keeping them both as large as possible throughout. The pre- 
cision of the method is greater when <?, and C, are nearly 
equal, and when S, and Bj are h^h. 

(4) Calculate the value of the unknown from equation (17). 
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This method, being a zero method, is superior to the direct deflection 
method. High instilatiOD of all parta is neceasary. Giood reaulta can 
be obtained only when the condensers compared have dielectrics of the 
same kind, for if there is a difference in the absorption of the two con- 
denaers it is difficult to secure a balance. The effects of absorption may 
be rendered less troublesome by making tbe time of chai^ very short 
and by discharging promptly. 

161. Laboratory Exercise XXXIV. To compare capacities 
with the Wheatstone bridge and vibration galvanometer. 

Appabatus. Condensers to be compared, KoMrauacli 
bridge, and vibration galTauometer. 

The Kohlrauscli bridge was described in § 73. The vibra- 
tion galvanometer is described in § 171. 

Pkocedoke, (1) Arrange the circuit as in Fig. 103, with 
the vibration galvanometer and source of alternating current 
replacii^ tbe galvanometer and bat- 
tery of the preceding method. The 
resistance Bi and B^ will be the two 
segments of the long wire of the 
Kohlrausch bridge. One terminal of / 
the vibration galvanometer is con- 
nected to the movable contact of the 
bridge, and the other is connected at 
the junction of the two condensers. 

(2) Adjust R, and R^ until the 
band of light is sharply defined and 
of minimum width. Vary the re- 
sistances slightly until the least observable broadening appears, 
and estimate the precision of the settings. 

(3) Calculate the results by means of equation (17). 

Uncompensated inductance In tbe bridge arms will prevent a balance, 
and the wire turns of the Kohlrausch bridge are not non-inductive. 
However, as the lengths of the segments change, the resistances change 
in equal ratio, and the time constants remain essentially equal. Hence, 
aharp settings aie easily made. 




:^~> 



Fid. 103. 
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1^ The Con^JRiison of Capacities by the Method <tf 
Mixtures. This method conaiBtB essentially in (a) charging 
tTO condenseis in aeries by a potentiometer method, (b) so 
connectii^ them that the charges will mix, tending to neutral- 
ize one another, and (c) testing for the resultant or outstand- 
ing chai^, if there is any. 

In Fig. 104, Ci is the condenser to he tested, C7, is the con- 
denser of known capacity, S, and S^ are resistance hoxes, B is 
a battery of several 
cells, (jT is a ballistic 
or other sensitive gal- 
vanometer, and iS is a 
highly insulated dou- 
ble-pole, double-throw 
switch for the purpose 
^''' ^**" of making the connec- 

tions in the proper order. The switch is so arranged that 
when the handle is thrown to the right the contact at 5 is 
made an instant before that at 6. The wires that cross at 
D are connected. The point D is sometimes connected to 
ground. 

Whatever the position of the switch, a current i is always 
flowing through both resistances, and if the switch is thrown 
80 as to connect 1 with 3 and 2 with 4, both condensers will 
be chained. The condenser Ci is chained with the potential 
difEerence Vi that exists across the terminals of £„ and C, is 
charged with the potential difference V^ that exists across the 
terminals of Jt^. If the switch is thrown to the right, as' soon 
as 3 is connected to 5 the chaises in the two condensers will 
mix, for the plates a and b are already connected and the 
switch now makes connection between c and d. 

If the charges in (7, and (7) are equal, the positive ehai^ 
from c will exactly neutralize the negative charge from d, and 
the negative charge from a will neutralize the positive chaise 



b^Googlc 



VIII. S 1621 METHOD OF MIXTURES 233 

from b. For this condition no charge will remain in the 



But if the charges in 0, and C^ are not equal, both con- 

' densers will still be chained to some extent. An instant after 

the switch makes contact between 3 and 5 it connects 4 and 

6, and when this occurs the condensers are both diacharged 

through the galvanometer. 

After the switch has been thrown to the left, if no deflection 
of the galvanometer occurs on rocking the switch to the right, 
we may conclude that when the switch was thrown to the left, 
the condensers were chained with equal quantities. In this 
case we have 

Moreover, we know that Vi = iJti, and V^ = iBf, where i is 
the steady current flowing from the battery. We may then 
write 

whence 

(18) '^"t"- 

If the capacity to be determined is that of a cable, the nec- 
easary time for charging may be a minute or even longer. 
For ordinary condensers a second or two is more than enough. 

The particular advantages of the method are that it is less 
affected by absorption than the methods of the preceding arti- 
cles, and that it is applicable over a wide range of values. 

If absorption is troublesome, interchange the battery termi- 
nals and again adjust for a zero deflection. Use the mean 
of the two resistance settings. This effect will be reduced by 
a rapid rocking of the switch. 

The method of mixtures is probably the most widely used 
of all comparison methods for the calibration of standards, 
precision comparisons, and practical cable testing. 
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163. Laboratoiy Exercise XXXV. To compare capacities 
bff the method of mixtures. 

Apparatus. Two resistance boxes, standard condenser and 
condenser to be measured, several dry cells, sensitive galva- 
nometer, and special switch. 

Procedure. (1) Arrange the circuit as in Fig. 104, being 
care£ul that all wires are air lines, not resting on the apparatus 
nor touching one another. 

(2) In seeking the correct values of B^ and Sj for securing 
equal chaises in the condensers, operate systeniatically as 
follows. Make B^ small and A, as large as possible. Throw 
the switch to the left and then to the right and note the 
direction of the galvanometer deflection. Then make A, small 
and S, as large as possible and repeat the procedure. The 
deflections will probably be in opposite directions. If not, the 
capacities are probably too widely divergent for the resistance 
ranges used. This range must then be extended, or a standard 
capacity nearer to the unknown must be chosen. 

If the deflections are opposite in direction it is obvious that 
the values of the resistances for zero deflections lie between 
the extreme limits, and these values are readily found. 

Since the charge deflecting the galvanometer is a differential 
one it is obvious that the sensibility of the method increases 
with the E. M, F. of the battery used. The values of B| and 
Rj should not be less than one or two thousand ohms. 

(3) Estimate and record the least observable deflection that 
can be read on the galvanometer scale. When values of the 
resistances are found for the condition of zero deflection, keep 
Rt constant and find what changes in B, will give the least 
perceptible deflection to the right and left, respectively. 
Substitute the mean of these values of R^ in equation (IS). 

(4) Bepeat with several different sets of values of R^ and Rj. 
Tabulate all data and results, the probable precision of the 
readings, and the percentage accuracy of the results- 
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164. The Discharge of a Condenser thioug^ a EBgh 
Resistance. If a condeDser of capacity (7 is charged with an 
.. initial potential difference T^, and then is allowed to discharge 
through a very high resistance R, the chaise wiir graduallj 
disappear and the potential difference between the plates will 
slowly sink to zero. 

Let Fhe the instantaneous value of the potential difEerence 
at some time ( seconds after the initial charge. The quantity 
in the condenser at this instant is given hy Q = CV, and the 
rate at which the charge is decreasing is given by the equation 

(19) _^ = -C^. 

The instantaneous value of the decreasing current may be 
written in the form 

hence, combining (19) and (20), we have 

Separating the variables, we have 

(22) ^=-*-. 
^ ' V CR 

Integrating both sides of this equation, and remembering that 
when ( - 0, V= V^, we find 

log.r = -^+log,F» 
Solvii^ this equation for R, we find 

(23) B = ^■ 
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Since galvanometer throvs ate proportional tg chafes, and 
since these are proportional to potential differences, the ratio 
dj/fi may replace F^F" in equation (23). Again, the potential 
differences V^ and V may be measured directly by meana of an 
electrostatic voltmeter or an electrometer, and the ratio T^/ V 
may be calculated from these measurements. 

Thia method is used where the resistance to be measured ia 
so high that the direot deflection method of § 6d cannot be 
used. At best, the method is subject to many errors, and the 
results of different tests on the same sample are frequently 
not in good agreement. 

It is known that for most insulators the leakage current 
does not follow Ohm's law. Moreover, this variation is a 
function of the impressed voltage. In a cable, the resistance 
of the dielectric substance changes with the temperature, 
decreasing as the temperature rises. 

The impressed potential difference seems to produce certain 
molecular changes in the material of the nature of polarization, 
so that the resistance of the insulation increases steadily after 
the potential difference is applied. Thia phenomenon is called 
dectrificcUioti. It is customary to specify a certain time, 
usually one minute, as the time of electrification. 

Again, if the cable is immersed in water, the time for which 
it has been immersed mnst be specified. To say that a cable 
has an insulation resistance of 100 megohms per mile is 
only significant when the conditions of the test are carefully 
stated. 

The value of an insulation resistance must then be accom- 
panied by a statement of 

(a) the temperature, 

(b) the time of electrification, 

(c) the time of immersion, 

(d) the impressed potential difference. 
The dielectric strength also ia usually specified. 
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166. Laboratory Exercise XXXVL 

sistance by the hsx of charge method. 

Apparatus. Sample of cable in tank of water, ballistic 
galvanometer, high potential battery, discharge key, and 
standard condenser. 

Pkocedube. (1) Arrange the circuit as in Fig. lOB, The 
sample cable of capacity C is represented by AB. 

If, the cable is lead covered the contact c may .be made 
directly to the sheath, B 
being connected to the core. 
Otherwise, a tank of water 
with connection shown at 
c is required. Using a 
suitable voltage, calibrate 
the galvanometer with the 
standard condenser, then chaise and discharge C and compute 
its capacity from equation (9). 

(2) Press .ff" to a for one minute, then quickly press to 6, 
and read the throw d^ on the galvanometer. Keep £" on 6 for 
a minute or two until C is fully dischan^ed, then chaise for 
one minute and set the key on the insulating position for a 
few seconds. Then press K to 6, and read the throw d. 
Select the time for insulating such that d is approximately 
half d^ 

(3) Calculate the value of B from equation ■ (23). The 
length of the sample will be measured and the result reduced 
to megohms per mile. 

In case oa\j a short Bample is available, the method should be modified 
as foUowB. Across the terminals of the sample AB coimect in parallel a 
condenser of known capacity C", Assume the capacity of the small piece 
of cable to be negligible and use C as the capacity of the Hystem. It will 
be necessary Snrt to determine the insalation resistance of C, which may 
be called B'. Then, by tbe method described above, find B", the joiut 
resistance of C and C in parallel. From the formula for r 
parallel, calculate the insulation resinance £ of O alone. 
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THE HEASUltEHBHT OF SELF AITO MUTUAL 
niDUCTANCE 

Pabt I. Sklf-Inductanoe 

166. General Methods. Three metliodB used for the 
measnremeDt of Belf-inductance are: 

L Absolute methods, in which the value is found independ- 
ently of any previously measured inductance. 

II. Capttcity-comparison methods, in which the nnknoivn 
inductance is measured in terma of a standard capacity. 

III. Inductance-eompaiison methods, in which the unknown 
inductance ia measured by direct comparison with a standard. 

Two representative methods under I 
and II will be described, the formulas 
being given without proof. 

In the Maxwell-Rayleigh method, 
the inductance ia measured in tefms of 
a resistance and a time. The induc- 
tance L which is to be measured is 
put in one arm of a Wheatstone bridge 
circuit (Fig. 106), the other arms beii^ 
noD inductive. The bridge is balanced 
for a steady current in the usual way. 
The key K is lirst closed, then K' is 
tapped, and the resistances are adjusted until there is no 
deflection. When a balance has been obtained, K' is closed, 
and the deflection d,, which occurs when £'is tapped, is read. 
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The steady carrent balance is then disturbed by altering i?, 
by some small amount r, and the steady deflection d^, which 
occurs when both keys are closed, is read. If the steady 
currents throngh A, and R^ are denoted by i, and i^, respect- 
ively, if T is the period of the moving needle of the galvaaom- 
eter, and if it is assumed that there is no damping, the value 
of L is given by the formula 

. - d, 

L = rT J- 



(1) 



The ratio of the currents may be computed from the known 
resistances in the circuit and the E. M. F. of the battery used. 

The value of L is thus seen to be given in terms of pure 
numbers together with a resistance and a time. Since resistance 
has dimensions [iT"'], the dimen- 
sional formula for inductance be- 
comes [L], whence the absolute 
unit is called the centimeter. 
The practical unit, which is 10* 
centimeters, is called, the hemy. 
Formerly it was called the secohm 
because it could be expressed in 
terms of time and resistance, as in 
equation (1). 

In MexwelPs mtthod of deter- 
mining an inductance in terms of 
a capacity, a Wheatstonc bridge ""' """ 

circuit is arranged with three non-inductive arms, and with the 
inductance L in the fourth arm, as shown in Fig. 107. The 
bridge is balanced in the usual way for steady currents, press- 
ing E' only after K has been closed. The presence of the 
condenser across the arm Ri will have no effect on this balance. 
If K is now tapped after K' has been closed, there will be a 
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deflection od the galvanometer, and this may be made zero bj 

a new adjustment of Ri , which changes the charging potential 

across C. When the galvanometer does not deflect when either 

key is tapped flrst, it can be shown that L is given by the 

formula 

(2) L = CRJii. 

This formula is very simple, but the double adjustment is 
extremely tedious, inasmuch as the change in Ri upsets the 
previous balance obtained with a steady current. With a 
suitable resistance box provided with traveling plugs, the con- 
tact a may be moved to any position on Ry, thus varying the 
charging potential without annulling the bridge balance. 

Another way of avoiding the necessity for the double adjust- 
ment is to use at C a condenser whose capacity may be varied 
either by steps or continuously. This form of condenser is not 
usually available. The best modification of the method is one 
that will be described fully in §§ 169, 170. 

167. Inductance in Terms of a Capacity. Consider a cir- 
cuit arranged as in Fig, 108, in which aa is an electromagnet 
of large inductance in series with a source 
of current D. In parallel with the induc- 
tance is a lamp p. 

Suppose the current to be adjusted bo 
that when K is closed the lamp glows a 
dull red. Then on opening the switch K 
the brightness of the lamp filament is first 
suddenly and very greatly increased for 
an inatant, and then quickly diminished. 
Fio. 108. ijjjg sudden rise of current through the 

lamp is due to the energy stored in the magnetic field, which is 
returned to the circuit when K is opened. The inductance 
develops a potential difference at the terminals which is greater 
than that originally impressed, as shown in S 136. 
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If a galTaiiometer or other measuring instrument could be 
inserted at p, the flow of charge could be measured and the 
value of the inductance could be calculated. However, any 
auch instrument at p would be given a steady deflection when 
K was closed ; hence it would not be in a condition to receive 
the cliarge when K was opened. 

It is necessary, therefore, to devise some method whereby 



> position until the instant 




the galvanometer can be in its Z' 

that K is opened. This 

complished in a simple manner 

by making the inductance one arm 

of a Wheatatone bridge circuit (Fig. 

109). With the bridge balanced for 

a steady current the galvanometer 

terminals a& will be at the same 

potential, hence there will be no 

deflection. When K is opened the 

energy stored in the magnetic field 

about -B is given back to the circuit, 

and the quantity of electricity 

thereby induced is discharged, partly through the galvanometer 

and partly through the rest of the circuit. 

The value for L may be found as follows. With the 
bridge balanced for steady current, the galvanometer shows 
no deflection when K is kept closed. Assume a current 
of strength I flowing- in the arm Bf When K is opened 
this current drops to zero and the ma^etic field about L 
collapses. The total change N in the number of Unkings 
due to a current change from 7 to zero is, by equation 
(22), § 133, 

(3) N= LI. 

Figure 110 represents exactly the same circuit as that shown 
in Fig, 109. A study of this diagram will show that the total 
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quantity of electricity discharged through the entire cirooit is, 
by equation (76), § 142, 

where B is the equivalent resistance around oAbE, 

Suppose that the arm JJ, is now removed from the bridge 
and replaced hy a'E' (Fig. 110), in which the resistance S + r 
is exactly equal to R^, and around some part of which, S, is 



— s/\y\yx/\/^^ 




shunted a condenser of capacity C When K is kept closed 
the same current as before flows through r and S, since the 
bridge balance has not been disturbed. The charging poten- 
tial across C is then IS, and the quantity in the condenser is 
given by the equation 
(5) Q', = CV= CIS. 

If Z" is opened this quantity is discharged, part passing 
through S and part through all the rest of the circuit, ovR + r. 
That part which passes through R is then given by the 
equation 

When the quantities Q, and Q, are discharged throagh the cir- 
cuit, the correspooding galvanometer deflections may be called 
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d, and dj respectively. However, these deflections are not 

caused by the entire charge, because the galvanometer is in 
para}lel with other resistances, as shown in Fig. 110. Siiice 
these resistances are constant, the fraction of the total charge 
is the same in each case and the charges Q, and Qa are propor- 
tional, respectively, to the galvanometer throws. Dividing 
(4) by (6), we have 



(7) 


LI 

«, B, + B <J, 
«, CIS- d,' 


andaince 


S + r + S 



we may write (7) in the form 

L ^di 

oi 

<8) L=CS^^- 

dj 

The shunted condenser may be put in series with the in- 
ductance L, and a balance secured by varying the charging 
potential across the condenser by means of the traveling con- 
tact at c (Fig, 109). This procedure has the advantage of 
being a zero method, and equation (8) then takes the form 

(9) L = C^. 

168. Laboratory Exercise XSXVH To determine an induc- 
tance in terms of a capacity. 

Apparatus. Box bridge and portable galvanometer, bal- 
listic galvanometer, a few dry cells, special double-break' key, 
standard condenser, resistance box with side plugs, and the 
inductance to be measured. 

Fbocedurb. (1) Arrange the circuit as in Fig. 109. Con- 
nect the inductance across the line terminals of the bridge box. 
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With the battery and portable galvanometer properly con- 
nected, balance the bridge to the nearest ohm, usii^ a ratio 
of 100 to 100. Beplace the portable galvanometer by the 
ballistic one, and connect the double-break key K' bo that a 
short-circuit across the galvanometer termLnals is broken an 
instant before the battery circuit is opened. With the bridge 
keys closed and the galvanometer q^uiet at zero, quickly press 
K' and read the deflection dj. 

(2) Beplace the inductance by a non-inductive resistance 
of equal value, and shunt around all or part of it the capacity 
C. Let 8 be the value of this shunting resistance. Again 
close the bridge keys and quickly press K^, reading the throiv 
dj, which should be in the opposite direction to d„ and of 
approximately the same magnitude. 

In order to insure a ccmstant torsion of the suspension it 
is well to reverse the, galvanometer terminals before taking 
d,, so that both throws are read on the same side of the zero. 
If di is much too large, inserting a non-inductive resistance 
in series with L will reduce it, in which case the bridge must 
be balanced again. 

If dj is too small, it may be increased by increasing the 
value of either 8 or C. The total resistance of that arm of 
the bridge must, however, be kept the same when both di and 
d| are observed. 

(3) After a few trials to find the best working conditions, 
repeat both di and dj several times and take the respective 
means. Calculate L from equation (8). Express the value 
in henrye and also in millihenrys. 

Read again % 167, and note why the Wheatatone bridge circuit is used 
here. It i£ a diOicult matter to msintain an accurate bridge balance, thiu 
keeping the galvanometer preciflely on zero without drifting. By the nae 
of the double-break key, however, this precise balance is not neceeeary. 
The ebort-circuit keeps the potential at a and b the same, and the double- 
break key is bo adjusted that the short-circuit is broken a very ehoti time 
before tbe battery circuit is opened. This time interval Bhoold be made 
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BO short that the galvanometer ia oot appreciably deflected meannbile by 
any slight lack of balance which may exist. Obviously, after the battery 
circuit is broken, this lack of bRlancfi can have no further influence upon 
tile galvanometer, which is then deflected solely by the quantity dis- 
charged through its coils. 



169. Inductance in Terms of a Capacity. A Modification 
of Anderson's Metliod. In § 166 it was pointed out that the 
metliod due to Maxvell is tedious because of the annulling of 
the bridge balance when the charging potential across the con- 
denser is changed. The following modification of Anderton^t 
method ia free from this objection. 

Arrange the circuit as in Fig. 111. The inductance L is 
made one arm of the Wheatstone bridge and its resistance is 
found in the usual way, 
the bridge being balanced 
with the greatest care. 
The presence of iS and 
G will not in any way 
affect the bridge balance 
for steady current. 

If, after the bridge is 
balanced, the key K is 
closed and k is tapped, 
there will be no deflection 

of the galvanometer. However, if k is closed and .ffia tapped, 
there will be a deflection. This deflection can be made to 
vanish by properly adjusting S and C. When these have been 
set so that the galvanometer shows no deflection for either 
order of tapping the keys, L may be calculated from equation 
(18), below. 

The condition for the steady current balance is 

(10) PN= RM. 

The currents through ae, ab, be, and ce may be represented 
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KBpectirely by J„ 7,, /„ and ^ The potential difference 
across be equals MIj ; hence, for the balanced condition, we have 

(11) PI, = MIt. 

^ , Also, for a balanced 

oonditicm with variable 
current the potential dif- 
ference across ae, which 
is equal to that across 
db, is given by the Helm- 
holtz equation. 




Fia. Ill (repekted). 



(12) RIi=^mt + L 



The potential difference V across the condenser terminals 
de is given by the equation 

(13) V = S(It + /,) + /•/, = Sit + Sli + Pit. 
The charge in the condenser is 

(14) Q = CV= ClSIt + 8h + Phi 

The instantaneous current through the condenser is given 
by the equation 



(15) *.C.[«f + «f + pf]. 

From (11) we have 

p^h^jffdlt. 

whence (15) may be written in the form 

(1^ ,.,,o[.f+2^.+Mf]. 
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If both sides of (16) are multiplied by B, the right-hand 
membets of (12) and (16) may be equated, and we have 

(17) m,+L''^=^iii,+cds+^+irW- 

But, by (10), N=MR/P-f hence, equating coefficients of 
dij/dt, we have 

(18) L = C[RM+ SS + ^S]. 

If iS* is made zero the equation reduces to L = CRM, which U 
the same as equation (2). 

Eefening again to Fig. Ill, and assuming that the polarity 
of the battery is as marked, the steady currents through the 
bridge will be in the directions of arrows 1, 2, 3, and 4. When 
the key K is opened, the effect of the self -inductance 2i is to 
raise the potential at b. However, at the same time the con- 
denser is discharging in the direction of arrow 5, which tends 
to raise the potential at e. Increasing S increases the charg- 
ing potential across C, but at the same time decreases the 
current through L. Decreasing the resistance of S reverses 
these conditions. If S is small compared to P and M, and 
if the condition L > CRM is fulfilled, then the potentials at 
e and h may be made equal and the galvanometer does not 
deflect. 

170. Lab<ffatory Ezercise XXZVin. To determine an induc- 
tance hy a modification of Anderson's method. 

Affabatus. Four resistance boxes, standard condenser, 
several dry cells, two tap keys, sensitive galvanometer, and 
inductance to be measured. 

PsocEDnitE. (1) Arrange the circuit as in Fig. 111. With 
S equal to zero balance the bridge in the usual way, always 
tappii^ key ft after K has been closed. 

D,nitiz.db,G(")Oglc 
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(2) Beyerae the order of tapping tlie keys and adjust S aad 
C until no deflection is observed. Some time will be required 
to find the correct value of S. The bridge balance may not 
be preserved due to temperature changes ; hence, it is neces- 
sary to readjust the steady current balance. Several differ- 
ent values of the capacity should be used as well as different 
values of the ratio arms of the bridge, 

(3) Calculate the value of L from equation (18) and indi- 
cate the probable precision of the various quantities, as well 
as of the value of L. The data and the calculated results 
should be tabulated. 

It eixt be ahown that the method is mott senutive wb«n P &nd M are 
large and when S ia small. If equation (18) la solved for S, we may 

nrlte 

whence it la seen that L/C most be greater than BM in order to make 8 
a posiUra quantity. Hence, the values of the various quantities must be 
chosen subject to the condition that L exceeds OSM. 

The vibration galvanometer, { ITl, and a source of low frequency 
alternating current, may replace t^e galvanometer and the battery with 
a considerable gain in precision. 

171. The Vibration Galvanometer. In the ordinary mov- 
ing coil galvanometer, the deflection is caused by the reaction 
of the magnetic field due to a steady current in the coil with 
the permanent field of the fixed magnet, uid the deflection is 
proportional to the strength of the current. 

If an alternating current is sent through the movable coil, 
the torque will reverse with each change in direction of the 
current and the resultant motion ia essentially zero because 
of the large inertia of the suspended system. 

In case the suspended coil is made very narrow aad ex- 
tremely light, with both the inertia and the dampii^ small, it 
will follow the reversed torque due to the altematii^ current, 
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and a beam of light from a linear source reflected from a 
email minor attached to the coil will be spread out into a 
light band on the Bcale. 

This is the arraugemeut in the so-called vibration galva- 
nometer. Its construction is quite like that of the ordinary 
d'Arsonval type, but differs from it in having a very narrov 
and light coU of fine wire hung from a bifilar suspension, 
which is capable of adjustment in both tension and 
lei^th. These adjustments can vary the natural '*["] 
frequency of the suspended system through wide 
limits, usually from 60 to 1000 per second, and its 
sensibility will be high when the natural frequency 
is tuned to agree with that of the alternating cur- 
rent through its coil. In this condition of resonance 
a feeble current will cause a broad band of light on 
the scale, and for frequencies differing but little 
from this value the sensibility falls off rapidly. 

The vibration galvanometer is valuaUe also for 
zero methods with alternating currents, since har- 
monics in the current wave have little effect so that 
the conditions of a pure sine wave may be assumed. 

Figure 112 shows the arrangement of the parts. 
The current is conducted to and from the coil <xf 
by the bifilar suspension 8 and S'. The attached f^ 
concave mirror ^ forms an image of a linear source p^^ ^^^ 
of light on the scale, and the width of the bright 
band on the scale is a measure of the amplitude of vibration 
of the coil. 

The method of tuning the vibration galvanometer is similar 
to that of tuning a violin. The supporting head A can be 
raised or lowered by means of an adjusting screw, thus alter- 
ing the tension of the suspension. A second adjusting screw 
slides the ivory fret B up or down along the wires, thus alter- 
ing the effective length of the suspension. In this manner. 
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the natural iieqaency of the system is brought into leBonance 
with the impiesaed alternating current. The sensibility of 
the vibration galvanometer is Bpecified in terms of the current 
strength which causes one millimeter of broadening of the 
inu^e of a linear bright source, with the scale at a distance of 
one meter from the mirror. A current strength of 10~* ampere 
can be measured, and a current of 10-' ampere can be detected. 

172. Coii4»arison of Self-Inductance, A^bration Galva- 
nometer Method. The variable standard of self-inductance 
consists of two 
coils wound on 
spherical shells 
and connected in 
series, the same 
current passing 
through both 
coils. A common 
form is shown in 
Fig. 113. One of 
these coils lies 
within the other 
with the least pos- 
sible clearance, 
and is capable of 
rotation about a 
vertical axis 
through an angle 
of 180 degrees, 
^^- "'■ its position being 

indicated by a pointer which plays over a horizontal scale 
on top of the frame. 

If the movable coil is so placed that its magnetic field re- 
inforces the field of the fixed coil, the number of linkings, and 
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faence the Belf-inductance of the system, ia a maximum. If, 
however, the movable coil is rotated 180 degrees from this 
position, its field will nearly or quite annul that of the fixed 
coil and the number of linklngs and hence the inductance will 
be correapondingly reduced. For intermediate positions the 
pair of coils will have inductance values varying from nearly 
zero to the maximum, and these values can be read from the 
graduated scale. In the instrument here used this range is 
from 0.006 to 0.040 henry. 

In the circuit shown in Fig. 114, L^ is the standard variable 
inductance of resistance Ei, l^ is the inductance to be meas- 




ured of resistance B^f and B^ and Bi are non-inductive resist- 
ances. A double-pole double-throw switch W is arranged so 
as to connect either a dry cell £ or a source of alternating cur- 
rent A. C. to the bridge at a and 6. 

Another double-pole double-throw switch U connects the 
other terminals of the bridge ccf to an ordinary galvanometer 
P, or to the vibration galvanometer V- 

With the switches set so that the dry cell and ordinary gal- 
vanometer are connected to the bridge a balance may be found 
in the usual way. Then 

(19) ^}=,El. 

. Bi Bt 
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If both switches are thrown over, connecting the alternating 
current and the vibration galvanometer to the circuit, it will 
be found that the bridge ia no longer in balance, aa shown by 
the broad band of light on the scale. The balance can be re- 




Fro. 114 (tepMted). 
stored, however, by rotating the movable coil of the variable 
Inductance i, until the time constants of the arms ac and 6c 
are equal. When this has been done we shall have 

h.h, 

B, B,' 



(20) 



(21) 



L, B,' 

Since the bridge balance was not disturbed by the rotation of 
the movable coil of Xi, equations (19) and (21) may be com- 
bined, vhence 

(22) g = |, 
and 

(23) ^ = ^'f, 

173. Laboratory Exercise XXXIX. To measure a »df- 
inductance by comparison to&h a variable standard. V&ration 
gaivanometer method. 



b,Googlc 



IX, i 1731 THE VIBRATION GALVANOMETER 253 

AppAitATUB. Variable induetance standard, inductance to 
be measured, Tibration galvanometer, portable galvanometer, 
two resistance boxes, two tap keys, two double-pole double- 
throw switches, and one or two dry cells. 

Peocedure. (1) Arrange the circuit as in Fig. 114. Bal- 
ance the bridge in the usual way, using a direct current. 
Chajige to alternating current, and watch for the broad 
band of light on the scale to reduce to a sharp line as X, 
is rotated from one end of its range to the other. Set 
accurately on the position for which the vibration of the 
galvanometer coil disappears and read both ends of the 
pointer. 

Record this position both in degrees and in henrys, and also 
not« and record the rai^e through which £, can be turned 
without causing an appreciable broadening of the line of light. 
Repeat several times, taking precaution to avoid being prej- 
udiced by previous settings. 

(2) Calculate the value of X, from equation (23) and ex- 
press the result in henrys and in millihenrys. Indicate also 
the probable precision of the value found. 

The vibration golTanometer will be adjusted by an Instructor to 
resonance with the available alternating current circuit, and these adjust' 
ments should not be changed by the student, A fixed resistance will be 
permanently introduced between the allernating current terminals and 
the switch W. An adjustable resistance wlilch is under the control of 
the atadent will be introduced at r. This should be set at a large value 
at first and only reduced as may be required. 

In order to extend the range of the method, it is sometimes necessary 
to include in series with Zi a box ol standard inductance coils, which can 
be adjusted to sereral different vaJuea by means of plugs or switches. 
The range of the variable standard should be somewhat greater than the 
smallest value of this set of coils, thus providing a fine adjustment for 
the fractional parts of the lowest box value. These boxes of standard 
inductance coils are constructed so that different values may be obtained, 
and at tlie same time compensating non-inductive coils are automatically 
introduced so that the resistance rem 
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174. Comparison of Self-Inductances. Secohnuneter 
Method. When a source of alternating current ia not at 
hand, a direct current from any battery cell may be made 
available by means of the secohmmeter. This consistB of two 
two-piece commutators mounted side by side upon the same 
shaft, each provided with four brushes set 90° apart, the shaft 
being rotated by an electric motor or by some other suitable 



Figure 116 shows the arrangement of the circuit. As the 
commutator B. C. to which the battery is connected is rotated, 
a pulsating reversed current is impressed at the bridge ter- 
minals ab. Since an ordinary galvanometer does not respond 
to these reversed pnlses, the commutator G, C. is connected to 
the galvanometer and bridge terminals as shown. This is 
rotating with the same speed as B.C., the reversed current 




pulses are rendered unidirectional through the galvanometer, 
and any lack of baUnce of the bridge is at once indicated by a 
steady deflection. The experimental procedure is similar to 
that of Laboratory Exercise XXXIX, § 173, and the value of 
L is calculated from equation (23). 
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Part II. Mutual Inductance 

175. Laboratoty Exercise XL. A ^idy of mutual induc- 
tance. 

Apfabatus. a rheostat, resistance bos, one or two con- 
stant battery cells, milliammeteT, two tap keys, ballistic gal- 
vanometer, and a pair of coils for testing. 

Pkockduke. (1) Arrange the circuit as in Fig. 116, in 
which i2 is a control rheostat, S' is an adjustable resistance 
readable to tenths of an 
ohm, .^ is a milliammeter, 
and P and S are the two /^ 
coils of which the mutual y*^ 
inductance is to be studied. 'VV^ 

(2) Close JT,, keep If ^ I— — * 
constant, and vary B, ob- ^°' ^^^ 

serving for several values of the current strength the corre- 
sponding galvanometer deflections when Ki is opened or closed. 
Tabulate the readings and plot a curve with current 
strengths as abscissas and deflections as ordinates. This curve 
will be a straight line through the origin, showing that the 
quantities induced in the secondary are directly proportional 
to the primary currents. 

(3) Keep a constant value of the current through P and 
vary B', observing several deflections as ITi is closed. 

It is obvlouB that the damping ia the secondary circuit will change as 
the reeiatance of the circuit changes. If a moving needle type of galva- 
nometer is lued, for which the damping is small, the correcUoo for damp- 
ing may be found and applied to the deflections. 

If the moving coil galvanometer ia used, the damping, which may be 
large, is nearly all due to induced cnrrentB, since the secondary circuit is 
kept dosed. Changes in the resistance of the secondary oircQitwill Ihen 
produce changes in the strength of these induced currents, and hence, also 
in the damping. It follows that the galvanometer throws will be aOeoted 
by a variable damping, lor which correctiona are not easily mtde. (See 
1 1«.) 
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Id order to aToid this vuiable damping, it Is necessary to replace the 
two tap keys by a doable key wliich is so uranged that tbe secondary 
ciroait Is broken a very short time aft«r the primary is closed, thuB allow- 
ing the galv&nomeUr to swing on open oiroait with a constant damping. 
The time interval betweeu the make and break should lie very short as 
compared with the time of swing of the coil. 

Usii^ tbe double key just described, take several throws for 
different values of S". Plot a curve with reciprocala of total 
secondary resistances as abscissas, and throws as ordinates. 
This should be a straight line passing through the origin, show- 
ily that tbe ({nantities induced are inversely proportional to the 
secondary circuit resistance. 

(1) Keep the primary current constant and vary the distance 
between the coils, reading the galvanometer throws for several 
positions. Turn S through varying angles about a vertical 
axis, keeping the distances between centers of P and S con- 
stant, and for a constant current in P read throws on the gal- 
vanometer when Ki is opened or closed. 

(5) If possible, change the number of turns on Pand on S 
and read the galvanometer throws as in (2). Compare these 
with the throws as in (2). 

(6) Lay a piece of iron lengthwise through both coils, take 
current values and throws as in (2), and compare the throws. 

(7) Set an iron plate between the coils and repeat (6). 

It will be clear from the foregoing that the quantity induced in S is 
proportional directly to the primary current strength, inversely to tlie 
secondary resistance, and dependent also in some way upon the nnmber 
of primary and secondary turns, the size, shape, and relative positions ot 
the two coils and the permeability of tbe medinm. For the particular 
pair of coils given suppose that all these factors except the flrat two are 
kept constant ; then we have 

(24) Q = ^' 

where 2lf is a genend constant which contains these factors, and B, is the 
total resistance of the secondary circuit. We may then write 

(25) Jf = £*i. 
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We have learned, however, that 

:28) « = 



[27) 



_*" 



which la the deflaition for mutnal inductance given in § 130. 

Jt must be clearly uudentood tbat M ia independent of the value of 
irrent Sowing, onlees iron is present in the coils, and it is dependeal 
solelj npoa the geometry of the circuit, Qtat ia, npou the dimenaioiis, 
and space relations of tbe colls. In the report state fully all the 
inferences to be drawn from each step of the esperimental work. 

176. Mutual Inductance in Terms of a Capacity. Tlie 
Carey Foster Deflection Method. With a circuit arranged 
as in Fig. 117, the closing of the key K establishes a current 
of strength t tlirongh the 
primary coil P, and the 
quantity Q, induced in the 
secondary circuit is given 
by the equation 



jtfi 



■ = Odi. 




In this equation ij is the throw of the ballistic galvanometer, 
G ia its constant, M is the mutual inductance of P and S, and 
8, r, and g are the respective resistances of the parts of the 
secondary circuit. 

Let the circuit be changed to that represented in Fig. 118, 
where a condenser of capacity G is placed in series with the same 
galvanometer, and charged across the resistance R. When K 
is closed, the current i flows 
through It and the charging 
potential applied to the con- 
I denser is iB. Then the quan- 
tity given to the condenser is 
' given by 
(29) Qt=Clii=6d„ 
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vhere d, is the galvanometeF throw. Diridii^ (28) l^ (: 
ve have 



(30) 

wheaae 

(31) 



Q, CB(s + r + g) d.' 



M=CB(» + r + g 



It is seen from the figure that in the first case the galvanom- 
eter swingB on a closed circuit, of which the resistance is, in 
general, not high. In the second case, however, the galvanom- 
eter swings with practically an infinite resistance in series 
with it. For a moving needle galvanometer the deflections d, 
and d, are replaced by the sines of the half-angles, respectively, 
and the corrections for damping must be applied. The value 
of M is then calculated from equation (31). For a moving 
coil galvanometer there is so great a variation in the damping 
in the two cases that it is necessary to nse the zero method of 
S177. 

177. Mutual Inductance in Tenns of a Capacity. The 
Carey Foster Zero Method. The circuits of Figs. 117 and 
118 may be combined as shown in Fig. 119. This circuit may 
be considered as made up 
of three parts, the primary 
inductive circuit a, the 
capacity circuit b, and 
the secondary circuit c. 
When JT is closed, the 
■ quantity given to the con- 
denser is 

Fio. 119. (32) Q=aR. 

Since the galvanometer may be regarded as shunted by the 
resistance (s + r), that part of Q which goes throi^h the gal- 
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(33) Qi = CiB * + '" - 

Moreover, when K iB closed, the mutual inductance sends 
through the galTanometer a charge whose amount is 

<^' *=.-^- 

If adjuBtmenta of if, C, and r are made such that Q, and ^ 
are equal, it follows that we may write 

(36) CiR * + '' : ^i— , 

^ ' ii + r + g 8 + r + g' 

which gives for the'value of 3f, 

(36) 3f=CT{s + r). 

By the use of this equation and the method described ahove, 

the galvanometer deflections are always zero, the galvanometer 

resistance does not enter, and all eiroi due to variable damping 

is eliminated. 

178. Laboratory Zeroise XLI. To determine a mutuai 
indwAance in termB of a capacity. The Oarey Foster zero 
method. 

Appaba'tps. standard adjustable condenser, two resistance 
boxes, sensitive moving coil ballistic galvanometer, one or two 
constant battery cells, tap key and mutual inductance. 

Peocedubk. (1) Set B (Fig, 119) at some random value, 
open the secondary circuit at some point say p, and tap K, 
noting the throw which occurs. This throw is due solely to 
the charge passing into the condenser. Close the circuit atp, 
break the condenser circuit at some point E, and note the 
throw when K is closed. This is due solely to the charge in- 
duced in S from P. These two throws must be in opposite 
directions. If they are not, interchange the terminals of P. 

(2) With all connections as shown in Fig. 119, make r equal 
to zero, tap K, and note the throw. Make r iniinite, that is, 
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open the circuit at p ; again tap A" and note the throw. If the 
two throws are in opposite directions, a value can be found for 
r for which no deflection will occur. 

If the two deflections are not in opposite directions, then 
the condensei is sending more quantity through the circuit 
than ia induced in S, and no value of r whatever can be found 
for which there will be no deflection. The quantity from the 
condenser must then be reduced, either by making C smaller 
or by diminishing the chaining potential across its terminals. 
It is well not to change the value of R because that would 
alter the current through P. The charging potential is moat 
conveniently varied by means of a traveling contact at E, 
which enables G to be charged across any desired fraction of S. 

(3) Having found a combination of C, S and r for which the 
deflection is zero, record these values together with the least 
amount by which r can be increased or diminished before the 
smallest perceptible deflection occurs. Repeat the adjustment 
of r several times, with the attention fixed on the galvanometer 
and with no prejudice from previous settings. Approach ' tie 
final value of r both from values that are too high and those 
that are too low. Find one or two other combinations of R, 
0, and r, and repeat the readings as outlined above. 

(4) Calculate the value of Jf from equation (36), and state 
the probable precision of the result. 

(6) State in the report the reasons for all the steps. 

If the values of G, B, and r are givea In atieolute unlM, M will be in 
centiineten. 1( the capacity is in farads, and the resistances are In ohms, 
Chen M will be in henrys. If C ia in microfarads, Ihen 

(37) M = CB(,B + r)10-* benrjs. 

179. ComparisoD of Two Mutual Indtictances. Maxwell's 
Method. Two mutual inductances to be compared are 
arranged in a circuit as shown in Fig. 120. A constant current 
flows through P and P" when K is closed. In series with the 
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Becoiida,ry coils are resistance boxes r and r*. When E ia 

tapped, considering each side of the circuit separately, the 
chains induced are 

(38) Q = -^'' . 

(39) Q'=_^^i 

If we consider charges indnced in both sides of the circuit 
at the same time, however, and if values of r and r' are so 
adjusted that Q = Q', there will be no resultant charge through 
the galvanometer 
and hence no de- 
flection. 

In general, 
there are two 
charges passing 
through the gal- 
vanometer, in op- 
posite directions, 
and of different 
values. If the *""■ ^*- 

above condition is realized, so that Q=Q', these charges 
exactly annul each other between e and d. This means that 
charge flows away from c on one side as ^t as it is supplied 
on the other side, and the potentials at c and d remain con- 
stant. The galvanometer resistance then has no effect on the 
induced charges and g may be dropped from (38) and (39). 
Solving these equations for M^, which may be taken as the 
unknown, we have 




(40) 



Mi = 



The time constants of the two parts of the secondary circuit 
should be nearly or quite alike, and a long-period ballistic 
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galvanometer sborild be used, bo that the time of throw is 
lat^ as compared with the time constant of either Bide. 
Increased eensibilitf may be had by using an altematiiig cur- 
rent and a vibration galvanometer. 

180. Laboratory Exercise XLIL To compare tmo miUvat 
indttctatices. JUaxtn^s method. 

Apparatus. A standard mutnal indoctance and one to be 
measured, sensitive ballistic galvanometer, two resistance 
boxes, one or two consttmt battery cells, tap key, and box 
bridge. 

Pkocedukk. (1) Arrange the circuit as in Fig. 120. Open 
the circuit at p and tap K, noting the throw, which is due 

to the chaise in- 
duced in s*. Close 
p, break the cir- 
cuit at a, tap K, 

J-. .1 u -*- L and note the 

L/TJffTOWTnP— ' ^, .... 

throw which is 

due to the charge 
induced in s only. 
These throws 
must be in op- 
posite directions. 
' and r" until no 




Fio- 130 (repeated). 



(2) With connections as shown, adjust 
deflection occurs. Find the resistances of the coils a and s* 
with the box bridge. 

(3) Take different values of the current through R and dif- 
ferent settings of r and r'. Beoord in the data how much r or 
r" must be changed in order to produce the least perceptible 



(4) Calculate the value of Jtf" from equation (40) and indi- 
cate the probable precision of the value found. 
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181. Laborat<»y Exercise XLHI. Oomparison of th^ values 
of M for a current inductor as determined by the Carey Foster 
vieihod and by direct mea»iiremem.t. 

Apparatus. As in S 178, together with a enrrent inductor. 

Procedure. (1) Determine the value of M by the method 
of § 178, Take a large number of readings and uae great 
care throughout. 

(2) From the data furnished, calculate the value of M, using 
equation (17), § 131. 

(3) Compare the results obtained in (1) and (2) and account 
for their variation. 

182. , Laboratory Exercise XLIV. To determine a miUual in- 
ductance with the vibration galvanoitieter and a variable standard 
of self-inductance. 

Apparatus. As in § 173. 

PEOcsajuKE. (1) Arrange the circuit as in Pig. 114. Con- 
nect the two coils whose mutual inductance is to be found in 
helping series and call the self-inductance of this arrangement 
Li. Determine its value by the method of § 173. 

(2) Beverse the terminals of one coil, thus connecting them 
in opposing series, and call the self-inductance of t^B arrange- 
ment Li'. Determine its value as before. 

(3) Calculate the value of ilffrom the relation 

4 
as given in equation (71), S 141. 
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CHAPTER X 

UAGNBTISH AIH) THE MAGNETIC CIRCUIT 

183. MagnetiBm Produced by Electric Cuirente. That 
condition of matter called magn&ic can be produced in certain 
Bubtances by the influence of a natural magnetic iron ore FejOfi 

or by the action of electric 

currents. It ie highly prob- 
able thatthe magnetic bodies 
found in nature owe their 
peculiar and characteristic 
properties in some way to 
electric discharges. Hence, 
the cooolusion may be drawn 
that the electric current 
is the primary source of 
magnetism. 

It was stated in S 128 
that lines of force are to 
be thought of as closed curves, which may be established by 
the passage of a current through a circuit. The lines of force 
are interlinked with the circuit. Both the lines of force and 
the electric circuit are closed curves. 

Figure 121 shows the appearance of the magnetic field about 
a straight wire carrying a current, the lines of force forming 
concentric circles about the wire. The field strength at any 
distance r from the wire is given by equation (8), g 105, and is 
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Figure 122 shows tlie field in a plane at right angles to the 
plane of a single circular coil, through the center of the coil. 
The strength of the field at the ,_•_,, ,, „ *, 
center is given by equation (14), 
§ 106, 

r 

Figure 123 shows the mag- 
netic field about a solenoid. The :,. 
strength of field at the center of a \ 
long solenoid ia given by equation ;, '■ 
(33), § 109. 

Not all substances are suacepti- ._ ■ ;" ■_ : * -f--. ,, . ■ ' 
ble in the same d^ree to this ':* --■. ■ ;"' - '. 
magnetic influence. Indeed, most °' 

substances are less susceptible than dry air or a vacuum ; to 
this class of substances has been given the name diamagnetic. 



FiO. 123. 

On the other hand, those aubatanoes which are more suscep- 
tible to magnetism than air are called paramagnetic. Three 
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substances, iron, nickel, BJid cobalt, whioh are chemically re- 
lated, show this pheuomenon in a d^ree much grea,ter than 
any other. Since iron greatly exceeds the other elements in 
this respect, the name ferromagnetic is applied to the group, 
and this descriptive word is commonly understood even though 
shortened to magnetic. With the exception of certain alloys, 
briefly discussed later, the various forms of iron and steel are 
the only magnetic materials considered in the following pages. 

184. The Magnetic Circuit It has been shown in g 109 
that for a short distance at the center of a long solenoid the 
magnetic held is very nearly imiform. If the 
solenoid is bent into the form of a circle, with 
the ends joined, the efFect of the ends will 
I vanish and a nearly uniform field will exist 
jverywhere within the windings. 

Consider a ring of iron of circular cross- 
section, in the form of the tore or anchor ring, 
uniformly overwound with wire turns through which a current 
Sows. This constitutes an >. ':■,■-■' 

endless solenoid, con tainii^ »';J; ',*''.■■.■; 

an iron instead of an air jj:-.| i.-;,' ;^ 

core. Current through this ,/: i-^-"^. 

toroidal winding will pro- > . M^j,'" 

duce the uniform magnetic ,.' o-"\-? 

field described above, and ;.'■ 'v'* '-■■.■ 

wOl establish a magnetic ',, : "x^ ' 

state within the iron which * . ^ ■'.' ■ 

is wholly confined to the , ■■'■'r-'^ 

iron, there being no exter- ■;_ _."','. " ' "^■'X?'-:/^ ,:,.' 
nal field. \''" ',-■■ '' -. , ■ >'■' ■' ' i ^ 

Figure 124 represents '■'■■ ■■;'''■■, '■■■^ V> '\; .■-'-.'■' - 
such a ring with the mag- Fio. 13B. 

netic lines all within the iron. If this ring, with such a 
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magnetic state existing within it, is placed 
on a horizontal surface and covered with a 
sheet of paper over which iion filings are I 
sprinkled, there will appear no regularity 
in the arrangement of the particles, which 
shows that there is no eiternal effect. 

Figure 125 ia a picture of the iron fil- 
ings in such a case. Although there was within the ring 
a, strong magnetic fiux, 
no definite arrangement 
of the particles can be 
seen. 

A marked change 

takes place, however, as 

soon as the magnetic 

circuit is interrupted 

by some non-magnetic 

substance, such as air. 

The same riug used 

for Fig. 125 was cut 

"■ ' through on one aide 

with a metal saw, making a gap one tenth of a millimeter wide, 

as shown at A, Fig, 126, 

A distinct regularity of 

arrangement of the par- .'! ■. 

tides is now evident, as • ■'^.,'. 

shown in Fig, 127, If ','>-r 

the air gap is increased ■■'.' ,■ 

to one centimeter, as ; ." . ' 

shown in Fig. 126, B, a "° ■/ 

still greater effect is ob- '■^ , 

served in the space sur- :^^;. . 

roundii^ the ring, as ' I'.' ' 

shown in Fig. 128, r,o. laa. 



b,Googlc 



!68 XUGXETISM IX t 184 

If the air gap is still farther enlarged the piece takes the 
'onn of the ordinarr hone-shoe magnet, and in this case the 



arrangement of the iron filii^ is shown in Fig. 129. This 
magnet is one taken from an ordinary telephone magneto. If 



Fio. 130. 
the ends are bent still further back, the iron particles group 

themselTes as in Fig. 130. 

Two conclusions may be drawn from a careful study of the 
preceding cases : (1) lines of force appear to be closed curves ; 
(2) magnetic circuits may be divided into two classes, per- 
fect and imperfect. 
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185. Perfect and Imperfect Magnetic Circuits. The Per- 
fect magnetic circuit may be defined as one in which the mag- 
netic material is continuous and homogeneous, and about 
which no external magnetic field exists, the magnetic flux 
being wholly confined to the material of which the circuit is 
composed. Such perfect magnetic circuits are rare. It is 
only approximately realized in dynamo 
and motor frames, Figs. 131 and 132. 

The imperfect magnetic circuit is one 
in which the bcdy of the magnetic ma- 
terial ia interrupted for a greater or leas 
portion of its length by some non-mag- 
netic material. It is characterized by 
the external field about it, in which a 
force is observed to act upon a magnetic 
pole placed in it. Most magnetic circuits are of this type. 
This strayii^ of the magnetic field outside of the material 
of the circuit is called magnetic leakage. This leakage varies 
from zero in the ease of the ring to a maximum in the case 
of the short bar m^net. Leakage varies over the surface of 
a magnet, being greatest opposite two points 
near the ends of the bar, and least at the 
middle of the bar, as shown in Fig. 130. 

When a straight bar magnet is pivoted at 
its center, so that it is free to swing in a 
horizontal plane, it always sets its magnetic 
axis parallel to the direction of the field in 
which it is placed. This magnetic axis is 
usually its longest axis. 

The behavior of the bar is now precisely that which it 
would be if its magnetism were concentrated in two points 
very near the ends of the bar. These two hypothetical points 
are called the polei of the nu^net However, it can be 
shown experimentally that this magnetism is not concen- 
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tiated at certain points, but is distributed along tbe surface 
of the bar. 

Mafpietic polarity is developed wherever lines of force enter 
or leave the surface. The number of lines of force per square 
centimeter, that is, the surface deusity, is a measure of the 
distributed pole strength. 

For a magnet floated on water or otherwise freely sus- 
pended, there is no motion of translation, simply rotation. 
Since the earth's field is uniform for the limited region about 
the magnet, this proves that the resultant turning moments 
acting on the two ends of the bar are equal and opposite. 

A survey of the foregoii^ facts and phenomena leads to the 
fundamental principle that magnetism is a circuital phenom- 
enon. Like electricity in motion, or an incompressible fluid 
flowing through a pipe, it cannot flow in one portion of the 
circuit only. Magnetic polarity is developed only when the 
material of the magnetic circuit abruptly changes its per- 
meability. 

186. Specification of Magnetic Quantities. There are 
two methods of expressing the values of magnetic quantities. 

In the first method an imperfect magnetic circuit is assumed 
which has free poles aud an external held, and the magnetic 
condition is specified in terms of the force action on a mag- 
netic pole when placed in this fleld. 

In the second method the magnetic state is specified in 
terms of analogies with the fiow of fiuids, or of electric 
currents. 

Definitions of certain magnetic units by the first method are 
given in g§ 187-189. Definitions of other units by the second 
method are given in §§ 190-191. These units are compared in 
S192. 

167. Magnetic Field Strength. A magnetic field is com- 
pletely specified by its action on the unit pole placed in it 
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Th« direction of the field is given by the direction in whidi a 
free north-seeking pole will move. The intensity or strength 
of the field is given by the force in dynes which acta on a unit 
pole. Magnetic field strength is therefore expressed in dynes 
per unit pole. It is usually represented by the symbol H. 

188. Magnetic Moment. It is convenient to think of the 
magnetic poles as being located at definite points within the 
magnetic sul^tance. In reality, however, the entire body of 
the magnet possesses this polarity in a greater or less 
degree. If a bar magnet is hung in a horizontal position at 
right angles to a horizontal magnetic field of unit strength, it 
will tend to set itself parallel to the field, and the moment of 
the force couple which tends to rotate it is 

(1) M=ml, 

where m is the pole strength and I is the distance between the 
poles. The quantity M, which is called the magnetic moment 
of the bar, is really the sum of all the moments acting, con- 
sidering that the distributed polarity has a different lever arm 
for every point along the bar. 

189. Intensity of Magnetization and Susceptibility. If 

the pole strength of the magnet is divided by the area of the 
cross-section, the quotient gives the intensity of magnetization. 
It is represented by the symbol I, and its value is given by the 
equation 

(2) 1 = 5, 

where m denotes the pole strength and a denotes the area of 
the cross-section. 

If both numerator and denominator are multiplied by the 
length of the specimen, we have 



(3) \='^ 
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hence I may be defined also as the magnetio moment per unit 
of volume. 

When a piece of iron is placed in a magnetic field of strength 
H, the inductive action of the field develops poles in the bar, 
and gives it an intensity of magnetization I. 

The ratio of I to H ie called the susceptibility , and it is 
represented by the symbol h. We may then write 

190. Magnetic Rax. The arrangement of iron filings in a 
magnetic field suggests that the lines of force are continuous 
closed curves. It is often convenient to regard them as analo- 
gous to stream lines in a moving fluid. From this view point 
the expression magnetic fivx has a definite meaning, and mag- 
netic phenomena may be treated as circuital, in type, the 
m^nctic circuit having laws and properties analogous to those 
of the electric circuit. (See § 193.) 

The magnetic flux is to be considered as distributed more or 
less uniformly throughout the entire magnetic circuit. This 
distribution is represented by lines drawn closer together 
where the field is strong, and farther apart where it is weak. 
Any definite portion of this field may be thought of as marked 
off from neighboring portions by the walla of an imaginary 
tube. By properly selecting the diameter of this tube we may 
arrive at a definition of the unit flux. 

We will select a cross-section for this imaginary bundle of 
stream lines such that a conductor moving across it in one 
second will develop a potential difference of one absolute unit. 
This definite amount of magnetic flux is called the line of 
forced or the maxweU. The maxwell is then defined as the 

1 The expreaslon line of force liiu two quite distinct meaalagB, It Is BOia»- 
times ased t« siKnity the direction ot the field at a t^ven point, and Bometimes' 
it is used, as in the case here cited, to mean the unit amoDDt of ma^etic flax. 
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magnetic flux which a single conductor must cut in one second 
in order to develop one absolute unit of potential difference.* 

If the area over which this magnetic flux is distributed is 
enlai^ed, the conductor must move faster in order to cut the 
required amount in one second. This shows the necessity for 
another quantity, the flux density. The unit of flux density 
is called the gauss: a magnetic field is said to have a strength 
of one gauss when there is a uniform distribution of one 
maxwell of flux over an area of one square centimeter taken at 
right angles to the direction of the flux. 

The total flux is usually represented hy the symbol ^, and 
the flux density in air by the symbol H. For a uniform dis- 
tribution over an area A we may then write 
(6) * = H^ 

191. Induction Density and Permeability. When a bar of 
iron is placed in a magnetic field the magnetic flux through it 
is very greatly increased, and is then expressed in terms of 
lines of induction, the expression lines of force being restricted 
solely to the Inducing field. The total flux of lines of induo- 
tion iiC the bar is represented by ^, and the flux density of the 
induction by B, then 
(6) . *=B^ 

where A is the cross-section of the iron bar. As in the case of 
air, the unit of induced m^netic flux is called the maxwell; 
and the unit of induction flux density, or one line of induction 
per square centimeter, is for practical purposes called the 
gauss. 

If B represents the induction density in the iron after being 
placed in a magnetizing field of strength H, the ratio of 6 to 

> II IC maxwells ate ont by a single condnclot In one second, the indnoeil 
potential difference Is one volt. There U no generally accepted name tor this 
larf^r fliK unit, altboagb It Is sometimes called the practical line, in contra- 
distluotloD to the C. Q. S. line ot naxwell. 
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H ia called the permeability, and it is represented by the 
symbol ^ The permeability is given by the equation 

m .=?■ 

The general equation for magnetic flnx may be written 

(8) ^ = ^H^. 

This reduces to equation (5) when the flux is through air, for 
which 11 = 1. Wben the flux is through iron it is identical 
with equation (6). 

192. Comparison of Magnetic Quantities. When a sphere 
of unit radius is drawn about the unit pole as a center, there 
is at every point of the surface a unit field strength of' one 
dyne per unit pole. The flux which exists through each square 
centimeter of surface is one maxwell. Since the area of the 
unit sphere is 4 x square centimeters, i r maxwells is the total 
flux from the unit pole. 

If the unit pole is replaced by one of strength m units, the 
total flux is given by 

(9) ^ = 4im. 

In comparing the two methods of apecifyii^ magnetic quan- 
tities just given, it will be seen that the intensity of magneti- 
zation I is a measure of a condition which can be produced in 
magnetic materials alone. Magnetic flux ^ is more general and 
is descriptive of a condition which can exist in any substance, 
whether magnetic or not. Every known substance can have 
magnetic flux established in it by a magnetizing field ; hence 
an insulator for magnetism is unknown. The field strength H 
may be regarded as the cause of both I and ^. 

193. The Law of the Magnetic Circuit Magnetomotive 
Force. The analogy between the flow of a fluid through a 
pipe and electric current through a circuit was extended to 
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tbe magnetic circuit as early as 1871. The electromotive force 
has been defined in terms of the work done in moving a unit 
charge once around a complete circuit, and a similar espresaion 
for the work done in moving a unit pole once around a mag- 
netic circuit along a line of force was called by Maxwell the 
line integral of the magnetic force. Bcsanquet later called this 
the magnetomotive force, and expressed the relations of the 
magnetio circuit in a formula similar to Ohm's law. 

(10) ■n.nn.fe flw: - '"■■»""°"°"'"/'"". 

reluctance 

The work done dw in moving a unit pole aloi^ any line of 
force is measured by the product of the length dL of the path 
by the component of the magnetic force along this path, or 

(11) dm = H cos $dL 

and the total work is found by integratii^ this expression 
around this entire path, whatever its form may be. This 
principle is applicable to any path whatever in the magnetic 
field. If the path coincides at every point with a line of force 
or a line of induction, however, $ is everywhere zero, and the 
line int^ral becomes simply 

(12) W^fHdL^HL. 

We have already seen (§ 105) that the work done in movii^ . 
the unit pole once around a single turn of wire carrying a 
current of strength i is W= 4iri. If there are N effective 
turns, the line integral or magnetomotive force M. M. F., 



(13) M.M.F. = 4xm 

Moreover, by equation (34), § 109, 
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(14) M. M. F. = Hi = 4 wNi. 
If t is meaauied in amperes, we have 

(15) . lA.K.F.=^wm. 

The absolute unit of M. M. F. is called the gUbeft, and the 
practical unit is the ampere-turn. A magnetomotive force 
expressed in gilberts is reduced to the equivalent number of 
ampere-tuma by dividing by 4 x/10. Magnetizing field strength 
may be expressed, in terms of gilberts per centimeter or 
per inch, or in terms of ampere-turns per centimeter or per 
inch. 

Suppose that a bar of iron of length X, placed within a 
solenoid, has an induction density of B established in it by the 
field of strength H. Keglecting the effect of the field outside 
the solenoid, ve may write 



or 
(16) 



L ' 

4;rJ«l M.M.r. 
L 1~ R ' 

The quantity R is called the reluctance of the circuit. (See 
§ 194.) 

The established flux is seen to be directly proportional to 
the M. M. F. ; hence the magnetomotive force may be regarded 
as a measure of the effectiveness of the field in magnetizuig the 
piece of iron. The general equation (16) presumes an initial 
state devoid of magnetism, but the flux established by any 
magnetomotive force is somewhat dependent upon any pre- 
vious magnetic history of the circuit. 

194, Reluctance. Reluctance is a property of the mag- 
netic circuit which resists magnetization. It is inversely pro- 
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portional to the cross-section ^, and directly proportional to 
the length L of the circuit. The factor p by which L/A must 
be multiplied to obtain the reluctance is called the specific re- 
luctance or reluctivity of the substance. We may then write 

(17) JJ = ,^. 

The reciprocal of l^e reluctivity is called the permeabititjf, and 
is denoted by fi ; hence we have 



whence 

(18) B = ^-^- 

This expression is seen to be the denominator of the middle 
term in equation (16). 

The unit of reluctance is the oersted, which is the reluc- 
tance of a circuit in which one gilbert establishes a flux of one 
maxwell. The "oersted may also be defined as the reluctance 
of an air gap one centimeter long and one square centimeter 
in crasB-section. 

Reluctance and its reciprocal permeance are charaeteristica 
of the circuit. Reluctivity and permeability are characteristic 
of the given material. 

Ohm's law shows that resistance is independent of current 
strength. The reluctance, however, varies with the magnetic 
flux, which in turn varies with the permeability, as shown in 
Fig, 147, so that the analogy between Ohm's law and the law 
for the magnetie circuit in equation (10) is not complete. 
Moreover, although energy is required to establish or reduce 
the magnetic flux through iron, no energy is required to main- 
tain a continuous flux. There is, then, no analogy to Joule's 
law in the magnetic circuit. 

The magnetic circuit may not be homogeneous, but may 
comprise various portions of different lengths, cross-aections, 
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and penueabilitiea, including one or mote air gaps. Practical 
problems dealing with such circuits are solved by findii^ the 

magnetomotive force necessary to establish the desired flux in 
each part of the circuit. The total flux is then given by the 

equation 

,19) *-^^ 

Except in special apparatus for teatii^, it is seldom that a 
uniform winding can be placed over the entire circuit. More 
often the wire turns 
constitute what is 
called a local or 
bunched winding. 
The external field due 
to a bunched winding 
on an anchor ring is 
shown in Fig. 133. 

For a circuit such 
as that shown in Fig, 
131, the M.M.F. of 
the windings is calcu- 
lated for the required 
flux by equation (19), and corrections are applied for the 
leakage at the air gap. (See § 198.) 

196. The Relation Between B and I. When a long, un- 
magnetized bar of iron of crosB-eection A is placed in a uni- 
form field of strength H, for example at the center of a 
long solenoid carrying current, the total magnetic flux in the 
bar is made up of the aum of two distinct components (a) and 
(6) : (a) through the space occupied by the bar there will be 
a magnetic flux due to the original magnetizing field of value 
H^ ; (6) when the bar of iron is placed in the field, magnetic 
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poles of Btrengtli m are induced, and by equation (9) the flux 
due to its own pol^ is 4 vm. 

The total flux through the iron, or the induction, is therefore 
0= H^+4irm, 
and the induction density is 
(20) B = ^=H+4xl. 

The quantity B includes the effect of both I and H, while I 
includes only the effect of H, and not H itself. 

196. The Relation Between ft and ^ Substituting in 
equation (20) the values of B and I from equations (4) and (7), 
ve may write 



(21) lA^l+ivk. 

For vacunm, dry air, and non-magnetic Bubstances generally,, 
ft = and f* = 1. For paramagnetic substances k is positive and 
fi is greater than one. For dlama^etic substances k is nega* 
tive and p. is less than one. However, there is no known sub- 
stance for which /i is as much leas than one as it is greater 
than one for ferromagnetic materials. For bismuth, which 
shows the latest susceptibility of any diamagnetic substance, 
fc = — 14 X 10"', which corresponds to a permeability of 0,9998. 

197. The Demagnetizing Effect of Poles. Imperfect mag- 
netic circuits have a tendency to demagnetize themselves. 
The flux density within the bar is given by equation (20). 
The &ctor H is not constant, however, since the bar develops 
poles as soon as the magnetic atate ia induced in it. These 
poles act throughout the space occupied by the bar, and, hence, 
on the bar itaelf, and this polar Jield will have a direction oppo- 
site to that of the original field. Representing the original 
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field due to the solenoid bj H^, and the reversed polai field by 
H,, the effective magnetizing field operative on the bar is 

H = H; - H,. 
Henoe, tits indnctitm density in the bar' is given by the 
equatkm 
(22) B = (H,-H^ + 47rt. 

The resultant value of the magnetizing field strei^h will then 
be less than H, ; indeed it will vary from point to point along 
the bar. A numerical example will assist in making this 
clear. 

Consider a bar 20 centimeters long and 2 square centimeters 
in cross-section placed in a magnetizing coil which is capable 
of producing a field of 50 gausses (Fig. 134). Let us assume 



JV — » . — * s 



further that the intensity of m^netization of the iron, due to 
the field of the coil, is 1000 units. The pole strength is, from 
equation (2), 

m = ia = 2000. 

If we imagine a minute longitudinal crevasse at the center 
of the bar 0, a unit north pole placed there will be acted on by 
two forces, equal in magnitude and having the same direction, 
which is opposite to that of H^. One force is due to the re- 
pulsion of N and the other to the attraction of S. The sum 
of these magnetic forces at is given by Coulomb's law, 
, 2000 _ 
' 100 " 
' For a peimanent bar magaet Hf = 0, trnd B'^irf 
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This force is' acting in opposition to the field due to the 
solenoid, and the net field effective on the bar at its center is 
10 units, which is 20^ of the original field. If the bar is 
taken twice as long, that is, 40 centimeters long, we shall have 

SO that the net field strength at the middle of the bar is 40 
imits, which is 80 % of the original field. Again, if we con- 
aider a bar 200 centimeters long, we shall have 

10000 



'- = 0.4 unit, 



so that the net field strength at is 49.6 units, which is 99.2 <fo 
of the original value. 

It is clear, therefore, that, in general, as the bar incieases 
in length, the effect of the poles in decreasing the magnetizing 
field decreases ; but the effect becomes negligible only for a 
very long bar. For a bar whose lei^th is large as compared 
to its cross-section, it is clear that the magnetic induction is 
greater than for a short bar, if the permeability and the ex- 
ternal field remain the same. The influence of the ends 
becomes negligible only when the ratio of length to diameter 
is large, say from 200 to 400. For such long rods the effective 
magnetizii^ force is practically the same as that of the original 
field. 

Polar demagnetization is aided by vibration and resisted by 
coercivity. (See § 211.) It is strongest in the case of short 
bars. These will almost completely demagnetize themselves 
on withdrawal from the magnetizing field. 

Short bars of iron used by themselves are not useful as test 
pieces. For long cylindrical or square bars, the effect of the 
ends can be determined ' approximately and applied as a cor- 

' Tables of dBmagiietlziiig factors for bars of Tariotis Blmpef! and lengths 
are found in the Inrger works on magnetism, and in the journals. 
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rection factor. For ellipsoida of reToladoD such correctioiis 
can be precisely calculated. 

CfUndrical bars soffidently long to render the end effects 
n^ligible are neither c^mvemently made nor tested, and me- 
chanical difficulties preclude the preparation of ellipsoidal 
specimens except in well equipped atandardizing laboratories. 
Hence, it is neceBsary to secure the condition of en<Uew»e» 
either by using the specimen in the form of a ring, in vMch 
case there are no poles, or to approiimate this condition by 
clamping the bar in massive yokes. 

IW. Magnetic Leakage. Iron offers an easier path to the 
6\a lines than air, but in an imperfect magnetic circuit the 
flux lines do not all follow the iron. There is no insulator 
c flux and therefore it cannot be confined to the 
conductor, but the total 
■ '^'^j!Sr'~.^x flu^ is practically constant 

^<'^--~~-^^^ throi^h everychcfflen cross- 

section of the conductor. 

Consider two poles of a 

dynamo (Fig. 136), with a 

total flux ^. A part of 

this, ^1, is in a position to 

be linked with the wire turns of the armature, and a part ^ 

is not useful. The leakage coefficient, or leakage factor, is 

the ratio of the total to the useful flux, that is 

(23) k = b. 

199. Laboratory Eiercise XLV. To study the magrietic 
lec^age about a magnetic circuit. 

Apparatus. Electromagnet with armature, or the field 
coils of a dynamo. Reversing switch, ammeter and source of 
current, seaich coils, and ballistic galvanometer. 
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Pbocedurk. (1) Pass current through the field coils of 
Buch value that the desired magnetic fiux is assured. Place 
a search coil at A {Fig, 136), and connect Its terminals to the 
ballistic galTanometer. Beverse the current and read the 

galvanometer throw. Record cur- ^ ^ 

rent, coU position, and deflection. 
Take several readings. 

(2) Move the search coil to B and 
repeat (1). 

(3) Again repeat (1) with the coil 
at (7. 

(4) Calculate values for the leakage 
coefScient for position C. 

(&) If actual values of the flux 
are required, the ballistic galvanom- """' ""' 

eter may he calibrated by the method given in % 161. 

(6) Separate the armature C from the pole pieces by a single 
thickness of paper at o/i^, and repeat (1). Insert at ao' cal- 
ipered pieces of thin brass, and repeat (1), studying the change 
in k with lei^th of air gap. For comparison of deflections the 
same value of the exciting ciurent should be used throughout. 
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THB EARTH'S BUGNETISH 

200. The Magnetic Elements. Kear the close of the six. 
teenth centuiy the investigations of Grilbert established the 
magnetic nature of the 
earth. It is a weak mag- 
net for which the value of 
the intensity of magnetiza- 
tion is about 0.08. The 
phenomena observed on the 
earth's surface are prac- 
tically those which would 
be present if a bar magnet, 
short ae compared to the 
earth's radius, were located 
■ within the earth, as shown 
in Fig. 137. The geo- 
graphic axis is represented 
by N'S', the equator by 
EE', and the magnetic 
axis by NS. The dotted lines show the direction of the field, 
which is the direction in which a north-seeking pole will 
point. 

From the law of magnetic pole attraction we learn that 
unlike poles attract; hence, the ma^etic pole of the earth 
which is geographically north is opposite in kind from the 
pole of the compass needle which seeks that direction. 
Confusion on this point will he avoided if it is recognized 
:: ; 284 




Fro. 13T. 
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that the north magnetic pole takes its name from being 
near tlie geographic north pole, while the north-seekii^ pole 
owes its name to the fact that it points towards the north. 
The lines of force of the earth's field mnat be considered 
as having a direction towards the north. 

The magnetic axis departs about \&° from the direction of 
the axis of rotation of the earth. Its points of intersection 
with the earth's surface are called the magnetic poles. These 
positions will be found marked on any of the larger maps of 
the world. The north magnetic pole is approximately on the 
meridian through Omaha, and about dOO miles north of Hud- 
son Bay, just above latitude 70° N. The south magnetic 
pole is on the meridian of Eastern Australia, about lati- 
tude 73° 8. 

A magnetic ineridian is a vertical plane which passes through 
the magnetic axis of a freely suspended magnetic needle which 
is in equilibrium. 

In order to specify precisely the earth's magnetic field at 
any point, three elements are usually given as follows : 

(1) The inclination or angle of dip, which is the angle be- 
tween the magnetic axis of a freely suspended magnetic needle 
and a horizontal line through its cent«r. 

(2) The declination, which is the angle between the mag- 
netic and geographic meridians. It is the angle of departuxe 
of the needle from true north. 

(3) The intensity of the field, which is the force \/' 
in dynes which acts on a unit pole plaoed in iite \ 
field. " \ 

In measuring the intensity it is asoally moot \ 

oonTenient to determine the horinmtal component ^ ' ' 
of tiie earth's field, lepiesented by the symbol H, 
TUg. 138, and also the angle of dip a, whence the total force F 
tf fomtd from the relation 
(1) B= Fcaa a. 
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The vertical component may be found from 
(2) r= Fain a. 

301. Magnetic Surveys. For many years accnrate magnetic 
Borreys have been made over all parts of the earth's sur&ce 
by the scientific bureaus of various countries, and detailed 
records and charts have been prepared which show the values 
of the magnetic elements and their variations for any given 
position. These studies show daily, annual, and eleven-year 
period variations, all of which are due to the aun ; a possible 
variation due to the moon ; secular or long-period variations 
of unknown cause, which extend over centuries ; and certain 
irregular and occasional variationB connected with magnetic 
storms and auroral displays. 

At any given point, however, the earth's field is, for short 
periods, practically constant. Accurate determinations of the 
magnetic elemente are of primary importance for the navigator 
and for the surveyor. Formerly they were also essential in 
the electric laboratory in connection with absolute measure- 
ments. The horizontal component of the earth's field can be 
determined easily in absolute measure, and it is a valuable 
secondary standard in such problems as current measurements 
with the tangent galvanometer, or ballistic galvanometer cali- 
brations with the earth inductor. 

At present, however, such methods are obsolete for the pur- 
pose of electric measurement on account of the general use 
of iron and st«el in buildings, and on account of the stray 
fields from electric machinery and direct current distribut- 
ing circuits. Nevertheless, a brief treatment of a few mag- 
netic measurements will be given because of their intriiuic 
interest. 

The student should read the chapters on the earth's mag- 
netism in the larger textbooks of physics, and study carefully 
the significance of the lines drawn on the magnetic charts. 
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302. Laboratory Exercise XLVT. To Jind the inclination 
with the dip circle. 

Apparatus. Dip circle and accessories. 

The dip circle (Fig. 139) consista essentiaUy of a magnetic 
needle symmetrically mounted on a steel staff whose polished 




cylindrical ends roll on agate plates. If (a) the needle swings 
freely in a vertical plane coincident with the magnetic merid- 
ian, (b) its center of gravity lies exactly in the axis of rota- 
tion, and (c} its geometric axis coincideB with its magnetic 
axis, then, if there is no friction, the needle will take a posi- 
tion with its axis strictly parallel to the lines of force of the 
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earth's field, and the angle between the axis and the horizontal 
as read on the Tertical circle gives the dip. 

Three aoorcea of error mnot be taken into scconnt when using the 
inetniment. 

1. The polldked cjliDdTlc41 ^ada of the anppoiting staD roll on the 
•igkU pUtes, which prevents perfect coincidence of the axis of rotation 
with the center of the verUcaLcirole. The mean of readings taken at both 
ends of the needle will be free from this error. 

2. The center of gravitj of the needle m&j not coincide with the &xia 
of rotation, in which case the ohoerved angle will be increased or dimin- 
ished according to the relative position of the center of gravity and the 
axis. The mean of readings taken with the polarit; of tbe needle reversed 
will be free from this error. 

3. The geometric and magnetic axes may not coincide. The mean 
of readings taken with the oppoaite ends of the sapporting staff toward 
the observer will be free from this error. 

Peocedubk. (1) Level the instrument carefully, so that 
for any position of the horizontal circle the bubble seeks the 
middle of the tube. Release the arrestment, thus lowerii^ 
the needle on to the agate plates, and see that it swings freely. 

(2) Rotate the instrument about a vertical axis until the 
needle assumes a vertical position. The needle now lies in 
a plane at right angles to tbe magnetic meridian. Rotate the 
instrument again in azimuth through W and clamp it. The 
needle now lies in the magnetic meridian. 

(3) Read both ends of the needle. Just before taking the 
readings it is well to tap the base of the instrument gently 
with the finger in order to overcome any static friction be- 
tween the staff and the agate plates. 

(4) Rotate the instrument in azimuth through 180° and read 
both ends as before. 

(6) Tabulate all data and compute the mean value of the 
angle of dip. 

203. The Horizontal Component of fbe Earth's Field in 
Absolute Measure. This method involves the use of a mag- 
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netometei, which conBists essentially of a magnetic needle bus- 
pended by a light fiber and capable of rotating freely in a 
horizontal plane. A small minor is attached to the needle, 
and the deflections can be observed by the use of a telescope 
and scale. A bar magnet of moment M is selected. By means 
of magnetometer deflections and the equations derived below, 
values will be found for the product MHsj\A for the quotient 
MjH, where H representB the horizontal component of the 
earth's field. The quantity M may be eliminated from these 
expressions, and the value of S may be found in terms of 
deflections and distances. 

I. To find the value of MIL 

We shall first develop a simple relation between the quantity 
MS and the periodic time of vibration of the suspended 
magnet The magnet used will be a cylindrical bar about ten 
centimeters long and a few millimeters in diameter. This bar, 
represented by ns in Fig. 140, ia hung in a suitable stirrup by 




a nearly torsionless fiber attached at o. When it has been 
deflected through a small angle a and then released, it will 
vibrate in a horizontal plane until its energy is dissipated by 
friction against the air. The magnetic meridian is represented 
by NS, the pole strength of the suspended magnet by tn, and 
the distance between the poles by I. When a pole of strength 
m is placed in a field of strength H, it will be acted on by 
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ft force of Hm dynes. The magnet when deflected throi^li 
some angle a, tends to regain its equilibrium position due to 




Fig. 140 (repe&ted). 

the two forces acting on its two poles. The moment of this 
force couple, the so-called rettoring coupk, is given by 

(3) L - Hnd sin a. 

If it is assumed that a is so small that the sine does not differ 
sensildy from the angle expressed in radians,' then we have 

(4) L=-Hmla, 
which may be written in' the form 

(5) L = HMa. 

From (5) it is seen that the restorii^ moment, or torque, 
is directly proportional to the angular displacement j hence,' 





A-™»D«™. 


A™„„E..,.ms 


Sn.. 


2 
fi 
10 


0.017W 
0.03490 

O.O8T20 
0.17360 


0.01T4S3 

Ojti3«oe 

0087166 
ai74S3 



For an Migle at 10°, the error due to the snbatitutloD of the angle tor the 
■Ine la sl^htlr mora tbao ooe bait of one per cent. The student should veri^ 
thli and he should construct other examples tram a trigonometric table. 
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the suspended magoet is vibrating with eimple harmonic 
motion. The periodic time of such motion is given by the 
formula f=- 

(6) T=2,yj^, 

Tvhere K is the moment of inertia of the bar. Substituting in 
(6) the value of the torque from (5), we have 



whence 



<S) 



MH: 






II. TojindthevaUeofM/H. 

Two difiecent arrangements of the deflecting magnet NS, 
with respect to the needle of the magnetometer 0, will each 
give a value of M/H in terms of observed deflections. These 
positions are shown In Figs. 141 and 142, respectively. They 



are known aa the tangent position and the broadside position. 
The latter is the more aenaitive and the theory will be developed 
for that case. 
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In Fig. 143, NS represents the deflecting magnet which 
has a pole strength m and an interpolar distance 2 /. The 
magnetometer needle b represented hy nt, and it has a 
pole strength m' and a length P. The deflecting magnet is 
placed with its axis at 
right angles to the mag- 
netic meridian If^S'. 

Let ns assume that the 
length of n« is small as 
compared with the dis- 
tance r. Then we may, 
withont appreciable error, 
consider the triangle NsS 
33 an isosceles triangle 
with an altitade r. 

The needle ns, originally 
in the magnetic meridian, 
is deflected through an 
angle a by the presence of 
the deflecting magnet. The forces acting on s are given by 
the equations nm^ ,■ =™^ 

■'' d» ' ■'* d* ' 
The resultant of these two forces tends to deflect the soath 
pole to the west, and its value is given hy the equation 




(9) 



F, = 2 



cos ^= 



n'l 



<P 



since cos ^ = l/d. The magnetic moment of the deflecting 
magnet is, by definition, M= 2 ml; substituting this in (9) gives 

(10) F« = :¥™'. 

The moment of the deflecting couple acting on the needle is 
E. ,1 „„„ -Mm''' ^= „ 
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The moment of the restoimg couple due to the earth's field is 
Hm'l' Bin a. Equating these moments, we have 
^^ cos a = HmT sin a, 

(11) Ht&na^—^ = Md'\ 

The desired value of M/H could be found from equation (11) 
provided the magnetic length of NS were known. Since this 
is not easily determined, it is necessary to transform (11)) and 
to arrange the experiment so that this length may be eliminated 
from the equations. 

Substituting for d in equation (11) its value (r' + P)^, and 
expanding, we have 

(12) Ht&aa = Mir''' - 1 r-»P + ■■■]. 

Since r is lai^e, negative powers above the fifth may be 
neglected. Multiplying both sides of (12) by r^, we have 

(13) /fr' tan a = M^f - f P]. 

Repeating the procedure just described, but with a different 
distance r, and a corresponding angle a,, we may write 

(14) Hr," tan«, = J/[r,»- f P]. 

Eliminating 3 3fP/2 between equations (13) and (14), we 
obtain the equation 

(15) Hlr* tan « - r,' tan «,] = Jlf[r» - r,'], 
whence 

Jtf r' tan a — t^ tan (t. 



(16) 

If 3f remains constant throughout the experiment, the value 
of H may be calculated from the values of JIfff and M/H ob- 
tained above, by means of the identity 

\mS 

(17) 



-if 
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9H. Labcoatoiy Exercise XLVIL To determine H by the 
magnetometer mt^hod. 

Afpakatus. Magnetometer and accessories, stop watch, 
meter scale, micrometer calipers, and compass. 

Frocedube. (1) Hang the deflecting magnet in a stirmp, 
cover it with a bell jar, and observe the time of vibration at 
the position where ^ is to be determined. The angle of swing 
should not exceed 5°, and at least five determinations should 
be made of the time for 25 swii^B, the mean time of one 
vibration being then calculated. 

Throughout the experiment no magnetic material other than 
the magnet in use should be about the table, or on the person 
of the observer. 

(2) Measure the length and mean diameter of the magnet, 
and find its mass. From these data compute its moment of 
inertia by means of the formula 



116 ^12 J" 



where d and L are the diameter and length of the magnet, 
respectively. 

Calculate from equation (8) the value of MH. 

(3) Set the table of the magnetometer with its axis in the 
magnetic meridian as determined by the compass, and level 
the instrument so that the needle swings freely. Set the 
telescope and scale at a distance of one meter in front of the 
magnetometer, being careful to have the scale parallel to .the 
magnetometer table. 

With the deflecting magnet removed to a distant part of tie 
room, take the zero reading on the scale. Place the miignet 
symmetrically in its support at a distance r from the needle 
and read the deflection «'. Turn the magnet end for end and 
again read the deflection «". The mean of these readings, a. 
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will be fi-ee from error due to lack of symmetry in the distri- 
bution of the magnetism along the deflecting magnet. 

Place the magnet on the other end of the table at the eor- 
reaponding distance and take deflections with the north pole 
toward the east, and again toward the west, as before. From 
these four readings the mean deflection for the distance r will 
be found. 

(4) Repeat (3) for another position at a distance r, from the 
needle, for which the deflection a^ will be observed. It is well 
to take readings also for two other values of /, thus insuring 
two independent determinations of MjH. 

(6) Substitute these data in equation (16). 

(6) With the values found for MH and MfH, calculate from 
the identity (17) the value of H. Express the result in appro- 
priate units. 

CareleasneBB in bandling the deflecting magnet, aucli as striking, 
jarring, or dropping it, may change tlie value of its magnetic moment. 
Only in case M remains constant throughout the progresB of the eiperi- 
ment, is its eliminaUon in equation (IT) iegitimate. 

Tabulate ali data, arranging the table to show the number of the de- 
flecting m^inet used, its mass, dimensions and moment of inertia, the 
observations for and the final value of its time of vibration, the separate 
and mean values of r and lit, and the compntad values of MH, 3t/S, and B. 

Explain why a stispended magnetic needle experiences a rotation only 
and not a motion of translation. 

205. LaboratoiT Exercise XLVm. Tod^rmineHwiththe 
standard tangent galvanometer and copper voltameter. 

Apparatus. Standard tangent galvanometer, one or two 
storage cells, control rheostat, reversing svritch, and two copper 
voltameters with accessories. 

From equations (17), § 107, and (24), § 108, it is seen tliat H 
may he expressed in terms of a current strength, the constants 
of a tangent galvanometer, and the tangent of the deflection 
angle. The current can .be accurately measured with a copper 
voltameter. 
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Pbocedube. (1) Arrange the circuit as in Fig. 144. The 
oarrent from the Btorage cells may be adjusted to a suitable 
value by means of the rheostat if, and it may be controlled 
during the progress of the experiment if there is any tendency 
toward fluctuation. 

The reversing switch 8 reverses the current through the 
galvanometer but not through the voltameters VV. Two 




MI 



voltameters may be connected in series, one servii^ as a check 
on the other. The deposits on the cathodes of each should 
be the same. In each cell the outside plates will be anodes, 
the cathode being held midway between them. 

(2) Glean the surfaces of the anodes with sandpaper, rinse 
them in clean water, and place them in the voltameters. The 
cathode plates will be carefully cleaned with sandpaper, laying 
them meanwhile on a piece of clean paper and avoiding touch- 
ing them with the fingers. When clean and bright, rinse them 
in clean water, then in alcohol, and dry them by twirling them 
for a few seconds in the air. They should then be weighed 
with great care and folded in a sheet of clean paper until 
ready to use. 

(3) Insert a pair of trial cathodes and adjust the resistance 
R until the galvanometer shows a deflection of about 46°. 
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Note whether the galvanometer needle deflects equally on 
both sides of zero, and whether the reading of opposite ends 
of the needle are nearly the same. If not, adjuBtments of the 
leveling screws and torsion head are necessary, 

When the galvanometer and current are properly adjusted, 
open the switch S, replace the trial plates by the weighed 
cathodes and close the switch, noting the esact time. The 
cathode j)lates should be fully immersed. 

(4) Let the current pass for 30 or 60 minutes. Observe the 
galvanometer deflection, reading both ends of the needle every 
two minutes. Immediately after each reading, throw over 
the switch S. Record in a table the readings of time and 



The current should be kept constant by adjusting B if 



(5) At the end of the period break the circuit, reading the 
exact time. Quickly remove the cathodes and plunge them into 
a bath of water made slightly acid with HjSO^. Rinse them 
in water, then in alcohol, and dry them as before. Again 
weigh them carefully. 

(6) Calculate the current strei^th from equation (46), § 113. 
The electro-chemical equivalent of copper varies slightly with 
the temperature and current density, but the value 0.0003294 
grams per coulomb may be used here with safety. 

(7) Calculate the value of H from equation (24), g 108. 

compared before and after tbe experiment 
a correction (or iis rate should be applied if 

The electrolyt« should be made from pure CuSOt and water with a 
density of about 1.18. One per cent of HjSOi should be added. 

306. Laboratoiy Exercise XLIX. To compare values of H. 
Afpabatus. Small magnet with support and bell jar, and 
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Wben the v&lne of Jf b knonii at one station tbe v&lue at any other 
■tationis readilj found b; tbe u«e of equation (8). Let S ^.nd IF be the 
Tsluee at two stBtions, and let T and T* be tbe correBpondtng periods of 
Tibration of the mupended magnet. For the same magnet M and K will 
be oonstADt, and we shall have 

(18) T'^'4m- ^'■"^- 

Squaring both oi these equalions and dividing tbe first of them by tbe 
second, we have 

Procedube. (1) Support the vibrating magnetic needle 
under the bell jar at the station where H is known, and 
take the time of 25 or 50 vibratinna, keeping the angle small. 
Repeat several times and calculate the mean value of T. 

(2) Remove the apparatus to the station where iT' is to be 
found, repeat the observations for the time of vibration, and 
find the mean value for T'. 

(3) Calculate from equation (19) the value for H' at the 
second position. 

Note for each position the location of the needle with respect 
to any structural iron work, or other fixed masses of magnetic 
material, and explain their probable effect on the period of the 
needle. 

In this way a magnetic surrey of any locality is readily 
carried out 

The method is analogous to that used for comparing values of tbe 
acceleration due to gravity, which involves a similar treatment ol the 
formola for the simple pendulum, 



,4- 



207. The Earth Inductor. A device frequently used for 
producing a known charge, and for measuring indirectly the 
horizontal or vertical components of the earth's field, is 
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the so-called earth inductor shown in section in Fig. 145. It 
consists of a non-magnetic fi-ame of round or square section, 
on which is wound a coil of wire of a 
known number of turns S, and of effec- 
tive radius r. This coil is so mounted 
that it may be rotated about either a hori- 
zontal or a vertical axis, and it is pro- 
vided with a spring release and a stop, 
so that it may be rapidly turned through 
an angle of 180°. If the horizontal com- 
ponent of the earth's field is accurately known, and if the coD 
is rotated about a vertical axis, the quantity Q induced in the 
circuit of the coil in one half a rotation may be computed by 
the formula 

^ AiV 2 SHA 




Pw. 145. 



(20) 



R 



where A ia the area of the coil and It is the resistance of the 
circuit. This quantity may be used for the calibration of a 
ballistic galvanometer. On the other halid, equation (20) may 
be used for the determination of fl" itself. 

If deflections are read on a ballistic galvanometer for both 
vertical and horizontal positions of the plane of the coil, the 
horizontal and vertical components of the earth's field, respec- 
tively, are linked with the wire turns, and the angle of dip may 
be determined even though values of V and ff are not known. 
If d, denotes the observed deflection when the coil is horizon- 
tal, and dj the deflection when the coil is vertical, the corre- 
sponding chaises Q, and Qj are given by the equations 



(21) 



2SrA 



an,, 



_ 2 SHA _ 
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DiTiding (21) by (22), we obtain the rektiou 

H d,' 
From equatione (1) and (2), we have 



(23) a = taii-»^. 

The nimibei of ttuQB and the dimensions of the coil must be 
accurately known, and the horizontal and vertical positions 
must be carefully determined with a spirit level. The values 
of V and H are subject to large variations due to local con- 
ditions, but the conditions may be regarded ae remaining con- 
stant during the time required for these observations. 
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CHAPTER XII 

MAGNETIC TESTING 

Paet I. Magnetization Curves — Htstebbhis 

306. The Importance and the Nature of Magnetic Tests.' 

The industrial importance of iron and ateel from the magnetic 
viewpoint is very great. According to the purpose for which 
it is to be used, it must possess high permeability, or low dis- 
Bipation of energy in the process of ma^etization, or the 
capacity of retaining a lai^ percentage of its induced mag- 
netism. 

Hence, continued and systematic testing of the magnetic 
qualities of iron and steel is necessary for the producer of the 
material, the designer, and the manufacturer of electromagnetic 
machinery. 

The producer must maintain a close control over his output 
in order to take advantage of the great variation in magnetic 
quality arising from slight variations in the composition and 
treatment of the materials. 

The manufacturer must compare the predetermined ef&ciency 
of the design with the actual performance of the completed 
apparatus. In recent years the quality of the iron and steel 
produced for magnetic purposes has been greatly improved, 
and to-day more than ever before, the results of careful teats 
are being studied. 

There are, in general, three kinds of tests to which iron and 
steel are subjected, 

1 A comprehensive treatment of tbe variou magnetic tests, together irith 
tbe modern methods, trpical data, and resalta will be found in CHrcvlar of 
U. S. BvRR^c OF Standabos, No. IT, Magnetic Telling. 
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I. B-H curves. A test to determiue values of the fliix 
density in the material for a given set of values of the mag- 
netizing field. From tbis the petmeabiliiy may be computed. 
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II. Hysteresis and core-loss. A test to determine the 
energy expended in carrying the sample through a complete 
magnetic cycle. Work is done also in setting up eddy cur- 
rents within the metal. The energy consumed per second due 
to both of these causes is called the core-loss. 

III. Residual Magnetism. A test to determine the 
amount of magnetism retained after the magnetizing field has 
been withdrawn. This may also include the determination 
of the tenacity with which the magnetism is held. 
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209. Units of H and B. The designer of electrical machin- 
ery must know the flux density which a given magnetizing field 
will establish in the material used. He must also know the 
value of the permeability, and how it varies with B and K. A 
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Fia. 147. 
typical B-H curve for cast steel ia shown in I, Fig. 146. In Fig. 
147 the B-/1 and H-/i curves are shown for the same material. ■ 
The magnetizing field strength H is commonly expressed in 
C. G. S. lines (or maxwells) per square centimeter, that is in 
gausses ; or in gilberts per centimeter ; or in ampere-turns 
per centimeter or per inch. 

The induction density B is expressed in gausses, or in kilo- 
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gausses, or in lines per square inch. Corresponding values of 
the important magnetic quantities (§§ 187-193) for the sample 
of cast steel mentioned above, are shown in the following 
table, with H and B in gausses. 



" 


B 


■ 


« 


- 


1.0 


660 


61.7 


51.7 


650 


4.0 


6300 


421.7 


105.4 


1325 


10.0 


10300 


819.3 


81.9 


1030 


20.0 


ISIOO 


1041.4 


52.1 


655 



210. B-H Curves. The upper curve in Fig. 146 and the 
upper ones in Fig. 148 show three distinct stages of the mag- 
netizing process. At first, for low values of H, the induction 
increases slowly. Nest, the induction rises rapidly with la^e 
changes for small increments of H, and finally, after reaching 
the knee of the curve, further increase is slow even for large 
increments of the magnetizing force. 

The value of B can always be increased by increasing H, 
but a limit is soon reaehed above which it is not practicable 
to go. At this stage the iron is said to be approaching satura- 
tion. For wrought iron and cast steel this limit is approxi- 
mately reached at 15,000 to 17,000 gausses. For cast iron the 
saturation point is at about 10,000 gausses. Curves for differ- 
ent sorts of iron and steel are shown in Fig. 148. 

The induction density depends somewhat upon the initial 
state of the sample, and upon its previous ma^etie history, 
as well as upon the rapidity and mode of change from one 
value of the magnetizing field to another. The discussion of 
these matters will be resumed in the following articles. The 
permeability is diminished by mechanical treatment, such as 
rolling or hammering. 

The testing of iron at low values of the induction density 
has become important in recent years because of the increas- 
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ing use of relays for feeble currents. In fields where H is less 
than one gauss, the induction density curve is essentially a 
straight line starting with a finite inclination to the H axis. 
With alternating currents of high frequencies, that is, up- 
wards of 100,000 cycles per second, the permeability probably 
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does not differ greatly from that given by the normal induc- 
tion curve, but it is not significant, and it is difficult to meas- 
ure because of the skin-effect due to the rapid alternations. 
The induction near the center of the sample is exceedingly 
small, because before the effect has penetrated appreciably, 
the field is withdrawn and reestablished in the opposite sense. 



b,Googlc 



306 MAGNETIC TESTING [XIT, S 210 

Due to this effect, iron has little influence in iucreaaing the 
mductance of coils in high frequency clicuita. 

211. Residual Magnetism and Coercive Force. It was 
stated in § 194 that no energy is required to nuuntain the 
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magnetic flux when once it has been established. Energy is 
required, however, to increase the magnetic flux, and energy 
is given out if the flux decreaaea. 

A gradually increasing magnetizing field impressed on a 
piece of iron will cause the induction density to rise along 
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some such curve as oa, Fig. 149. If H is now gradually re- 
duced m value, the iron shows a, more or less marked tendency 
to persist in its state of magnetization. For a given decre- 
ment in H, the decrease in B is less than was the increase for 
the corresponding inorement in H. Hence the curve returns 
along Bome such path as ah, which ia quite different from 
that along which it rose to the point a. The intercept ob 
represents the jemanence, or the residual magnetism retained 
by the iron. 

If the magnetizing field is reversed in direction at this point 
and again gradually increased in the negative direction, the 
curve drops along some such path as 6c. The intercept oc 
represents the cotTcivity of the iron. This is conveniently 
measured in terms of the coercive force, which is the value of 
the reversed magnetizing field oc required to reduce the resid- 
ual magnetism to zero. 

The ratio of the residual magnetism to the previous maxi- 
mum value of B, or oh/oc, is called the retentivity. Some 
writers use retentivity as synonymous with residual mag- 
netism. A closed circuit of soft iron may retain 85 % of its 
maximum induction, and a coercive force of less than two 
gausses is sufficient to reduce it to zero. On the other hand 
hardened steel may require a coercive force of 40 or 60 
s tod 



212. Hysteresis. It has been shown in the preceding 
article that changes in the induction density always lag behind 
the corresponding changes in the magnetizing field strength. 
This tendency is called hysteresis. We shall now show that 
the area of the entire loop (Fig, 149), is a measure of the work 
done in carrying the sample through a magnetic cycle. This 
energy appears as heat in the sample. 

In order to calculate the work expended in a magnetic cycle, 
assume a long bar of iron, or better a ring, of length L centi- 
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meters and of cross section A square centimetera, oTerwound 
throi^hoat its entire length with n turns of wire |>er centi- 
meter. If the magnetizii^ current t is increased by some 
small amount dj in a time dt, a corresponding increase in the 
induction density dB will be produced. In accordance witt 
Lenz's law, this increase will set up a counter-electromotive 
force of Talue E, in opposition to the current i. Against this 
counter-electromotiTe force the current must do work whose 
value is 

(1) dW=Eidt. 

But E = dN/dt, where N is the total number of linkii^. 
Also we have from equation (2), § 128, 

(2) dN=Im.AdB, 

since Ln is the number of wire turns and ^B is the mag- 
netic 3ux. If V, the volume of the specimen, is put in place 
of LA, we may write 

(3) dlT^rnidB; 
hence, the work per cubic centimeter is given by 

(4) dW=.indB. 

Substituting the value of ni from equation (33), § 109, (4) may 
be written in the form 

(5) dW^^. 

The total work done as H and B vary between assigned limits 
is given by integrating this expression for dW 

(6) W=~(wdB. 

Eeferring to Fig. 149, as H is increased from zero to H„ B is 
increased from zero to Bj, and the amount of work expended 
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on the iron is given by the espreasion 
area aeo 
4t ' 
that is the som of all the small strips yy'. As H is brought 
back to zero, B falls to a value db, and the changing mag- 
netization retarns enei^y to the circuit of value aeh/i v. The 
net amount of work expended on the iron is then given by 
area aiw/4 v. Extending this analysis over the entire area of 
the loop, we find that the work expended in the complete 
oydeis 
«. jy^ areaof loop 

This will be expressed in ergs per cubic centimeter per cycle, ' 
if the area is taken in square centimeters. 

Since the values of B are large compared with H, it will 
not be convenient to plot them to the same scale. However, 
if u represents the number of H units corresponding to one 
scale division on the crosB-sectioned paper, and if v represents 
the number of B units per division, then 

(8) *'-' 

= — area of loop ergs per cubic centimeter per cycle. 

In addition to the hysteresis loss, there is also a loss of 
energy due to the eddy currents in the iron core when the 
iron is subjected to the magnetizing field of an alternating 
current This effect is greatly diminished by buildii^ the 
sample of thin sheets, insulated from one another by varnish. 
The discussion of total core-loss will be resumed in % 237. 

Instead of expressing the enei^ loss in ergs per cubic centi- 
meter per cycle, it is common in practice to express the energy 
in watts per pound or watts per kilogram, at a given frequency. 
Some typical values are given in the accompanying table for 
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samples of steel and iron carried through 
induction density. 
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ranges of 
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HrsTBBBSis LoBB (Ewlng) 

The &i8t hysteresis loop taken on a neutral sample of Iron, 
in which all effects of previous history have been destroyed, 
■will not close at the point a, Fig. 149. Succeasive loops, how- 
ever, will progressively show less and less of this defect. 
After repeated reversals (for practical purposes, 20), the 
position of the cusps will be invariable, and a strictly cyclic 
state will be established. 

The normal induction curve is the locus of the cusps of a 
series of hysteresis loops which are strictly cyclic. The shape 
of the hysteresis loop may be inferred with a fair degree of 
accuracy if three points are located: (1) the extreme cusp, 
(2) the residual ma^etism intercept, (3) the coercive force 
intercept. It is seen from the above table that the hysteresis 
loss varies greatly with the conditions of the test. In order 
to compare results, it is important to specify standard con- 
ditions. These are usually taken as 60 cycles per second, and 
B„. = 10000 gausses. 

Typical hysteresis loops for three samples of widely different 
materials are shown in Fig. 150 and Fig. 151, In I, Fig. 150, 
a small value of H sets up a lat^e iuduction density which 
may be easily reversed, the hysteresis loss being small. Such 
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mateml is useful for alternatiiig current transformer cores. 
A low hysteresis loss is important in this case because the loss 
is continuous, even during the time for which there is no 
cnrrent output from the transformer. Punching and shearing 
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of the material in the course of manufacture will increase the 
hysteresis loss somewhat, but this is in part overcome by sub- 
sequent annealing. 

In II, Fig. 150, B increases rapidly, the residual magnetism 
is large, and the material is easily demagnetized. These 
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properties make tlie material useful for dToamo field mag- 
Dete. 

In F^. 151, the reteativity and coercive force are both high, 
which aie desirable qualities for steel to be used for permanent 
m^nete. 
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213. The Hysteretic Constant. If values of the hysteresis 
loss for different values of B„j, expressed in ei^ per cubic 
centimeter per cycle, are plotted against the corresponding 
values of B^„„ a curve of the form shown in Fig. 152 is ob- 
tained. Steinmetz has given an empirical formula Thich ap- 
proximately expresses this relation ; it is 
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(9) IV =: ijB'* ergs per cubic centimeter per cycle. 

The factor ij is called the hysteretic constant, and for averse 
aamples of sheet steel its value may vary from 0.001 to 0.003. 
For hardened tungsten magnet steel ri = 0.06, and for a high 
grade of silicon steel ij = 0.0006. 



Stll Tlie Temperature Rise. The rise in temperature of a 
sample of iron due to hysteresis, when subjected to a cyolie 
magnetization, is calculated as follows. When all the heat is 
assumed to be retained in the iron, we may write 

where ff is the heat in calories, equivalent to W e^s, and 
where J is the mechanical equivalent of one calorie of heat 
expressed in ergs. Consider a cubic centimeter of the iron of 
specific heat 0.115 and of specific gravity 7.6, The heat 
accnmulated in the iron is given by the product of the mass, 
the specific heat, and the rise in temperature ; that is 

j?=7.6x 0.116 xi. 
The energy equivalent of this heat is 

ir= JH=: (4.2 X 100(7.6 X 0.116 X 0, 
which is, by equation (6), equal to 
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It follows that the espression for the temperature rise becomes 



■f"" 



^ -' 4»(4.2 X 10')(7.6 X 0.115) 

21S. Alloys of Magnetic Materials. The influeii{» of the 
admixture of various chemical elements od the magnetic 
properties of iron and steel has been intensively studied, and 
the adaptability of the material to its several uses has been 
greatly increased by this means. 

The addition of 2.6 % of silicon to high grade soft iron 
(B,,u, = 4000, ;t = 2000) increases the permeability over two- 
fold, while the hysteresis loss is reduced 34 fc a^d tbe coercivity 
27%. 

Small percentages of silicon improve steel also, but in a 
somewhat less degree, and at the same time render it less 
liable to deterioration at high temperatures. The resistivity 
also is increased, and the eddy current core-loss is reduced. 
Improved sheet steel of this character shows a core-loss as low 
as 0.9 watt per pound, at a frequency of 60 cycles per second, 
with B_„ = 10000 gausses. For B^ = 2000, the loss falls as 
low as 0,05 watt per pound. 

The addition of 12 % of manganese reduces the susceptibility 
of steel practically to zero. Certain alloys containing as high 
as 88 % of iron have been made which are non-magnetic 
Becent cKperimeuts have shown that the permeabUity of 
electrolytic iron is very greatly increased when melted in a 
vacuum, while at the same time the hysteresis loss is reduced. 
These effects are accompanied by a low resistivity wMeh is 
favorable to a large eddy current loss, but the resistivity may 
be increased by the addition of such elements as silicon or 
aluminum without materially affecting the other magnetic 
qualities. 

Further information on the influence of the composition on 
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magnetic properties will be found in the 
handbooks. 

216. AII07S td Non-magaetic Materials. Many alloys of 

practically non-magnetic components ate themselves more or 
less magnetic. An alloy of 25 % manganese and 76 ^ copper, 
which is itself noo-magnetic, was rendered strongly magnetic 
by decreasing the copper content and adding 13 % of aluminum. 

Ma^anese and aluminum compounds are in general magnetic, 
and certain of them approach cast iron in magnetic quality. 
The effect of the copper in the alloy mentioned above appears 
to be solely that of keeping the alloy soft enough to be worked. 
Hysteresis is large in most manganese-aluminum alloys. 

Very surprising reversals of properties occur for extremes 
of both heat and cold. A certain 25 ^ nickel steel, practi- 
cally non-magnetic at ordinary temperatures, is strongly mag- 
netic at —190° C, and retains the property when restored to 
room temperature. Heating to 600° C, and, then cooling 
slowly, destroys the magnetism for many of these alloys, 

217. Residual Magnetism and Reteativity. With the 
rapid development of electro-magnets, the permanent magnet 
was displaced from the position of importance which it had 
previously occupied, and research was for a time diverted 
along lines of more immediately practical application. In 
recent years, however, permanent magnets have entered largely 
into the manufacture of galvanometers, quantity meters and 
other measuring instruments of many kinds, magneto-ignition 
devices, speedometers, toys, and automatic machines in great 
variety. Accordingly, their production and properties have 
been intensively studied, and they now constitute a large factor 
in the electrical industry. 

Magnetic materials vary greatly with regard to the amount 
of magnetism retained after the magnetizing field has been 
withdrawn. Soft iron has a high residual magnetism, often 
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86 %, but it la loosely held, the coercive force Bometimes being 
ae loT as two gausses. Hardened steel on the other hand has 
much less residual magnetism, but it is tenaciously held, and 
requires a strong reversed field of perhaps 60 gausses to re- 
move it. A doaed magnetic circuit of soft iron will show 
large remanence as long as it is not broken. After introduc- 
ing an air gap, however, the iron is quickly demagnetized. 

When the ni£^[netiziiig force is removed from a bar it tends 
to demagnetize itself. This effect is much greater for short 
bars than for long ones, and soft iron bars for which the ratio 
of length to diameter is as small as ten show scarcely any 
residual magnetism. Bars for which the ratio of length 
to diameter is as great as 400 retain a lai^ part of the 
mduced magnetism after the magnetizing force has been with- 
drawn. 

The total induction in a magnetic circuit of iron may be 
regarded as comprising three components, (a) the temporary 
imignetism, which vanishes with the removal of the magnetiz- 
ing field ; (6) the sub-permanent magnetism, which is removed 
by the polar field or by special treatment ; (c) the permanent 
magnetism, which can only be removed by the application of 
a sufficiently strong reversed field, perhaps accompanied by 
vibration. 

For permanent magnets the necessary characteristics are 
large retentivity and coercive force, with small tendency to 
deteriorate with lapse of time. Steel for such magnets is 
alloyed with 3 to 5 % of tungsten, with the addition of a 
fraction of a per cent of chromium, which improves the sta- 
bility of the magnetism. The sub-permanent ma^etism is 
removed by an artificial ageing process in which the finished 
magnets are alternately heated and cooled in a water or oil 
bath, and then subjected to a rapid mechanical vibration with 
the addition of a slight demagnetizing effect due to an alter- 
nating current field. This treatment tends to bring about the 
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same changes as loi^ continued use, and magnets so treated 
deteriorate very little with the lapse of time. 

The effective strength of bar magnets, measured in terms 
either of B or I, will depend upon the dimensions of the bars 
and the shape into which they are formed, as well as upon the 
quality of the material used. Tests for the residual magnetism 
of permanent magnets must be made on specimens which are 
virtually closed magnetic circuits to secure results which 
are characteristic of the material used. Any test on a short 
bar will yield results characteristic of that lei^h and shape 
of specimen only, due to the demagnetizing effect of the poles. 

If a hysteresis loop is drawn for a perfect magnetic circuit 
of the given material (Fig. 153), the retentivity is repre- 
sented by OBi and the coercive 
force by OHi. The magnetic 
circuit then has an intrinsic 
M. M. F. sufficient to maintain 
the induction B,, which is meas- 
ured by Hi gilberts for every 
centimeter of length of the cir- 
cuit. An air gap introduced into 
the circuit will reduce the re- 
manence to some point Bj. If 
Xi and Li, respectively, represent 
the lengths of the steel and air 
portions of the circuit, then (Hi — H^)/,, gilberts is the mag- 
netomotive force reserved for the steel, while Hj?^ is the 
magnetomotive force required to maintain the reduced induc- 
tion B, across the air gap. From such a curve it is possible to 
determine in advance the dimensions of the magnet for any 
required induction density. The area of the cross section is 
generally chosen so that the value of B is from 2000 to 4000 
gausses, and the corresponding value of H is read from the 
curve, F^. 153. 
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Correctiotis in the form of empirical constants are applied 
for the influence of any joints or pole pieces, as well as for 
leakage and polar field, A large value of the ratio (Hi— Hi)/Hi 
indicates good keeping quality. 

218. Testing of Pemuneiit Magnets, It is seldom that a 
precise measurement of the actual flax density in a bar magnet 
is required. The usual specifications simply require that it 
shall fall within certain defined limits, both of flux and 
of constancy. 

A method for determining the flux density is given in § 236. 
If the magnet is a straight bar, the intensity of magnetization 
may be derived from magnetometer readily. If in the form 
of the letter U, the magnet should be provided with smooth 
end &ces across which a soft iron armature is placed. A coil 
of a known number of turns is slipped over the middle point 
and connected to a ballistic galvanometer. The quick removal 
or replacing of the armature gives a throw on the galvanom- 
eter which may be compared with that taken in a similar 
way on a standard m^net. The total flux also may be com- 
puted by this method, using a calibrated ballistic galvanom- 
eter. 

The given magnet may also be compared with a standard 
magnet by measuring the forces required respectively to 
detach the armature, or by comparing the torques due to eddy 
currents, when a copper disk is rotated between the poles. 

219. Method of Current Reversals. In order to remove 
all traces of existing ma^etlara or to annul any previous 
magnetic history, it is only necessary to raise the iron to a 
red heat and cool it in a magnetic field of zero strength. 
However, this method is not practicable. A sufficiently effec- 
tive demagnetization is obtained' conveniently by placing the 
test piece in an alternating current field and gradually reduc- 
ing its intensity to zero by introducing series resistance, by 
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reducing the voltage with a potentiometer device, or by shut- 
ting down the generator. 

Another method ia that of rapidly reversii^ a direct current, 
to which the magnetizing field is due, and at the aame time 
reducing its strength by a gradually inereaaing series teaist- 
ance. The current should be reduced so that B decreases 
uniformly, and the reversals should not be more rapid than 
one per second. 
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Paet II. Methods of Magnetic Testing 

220. Classification. Tlie approved methods for studying 
magnetic properties may be arranged under four headings as 



(1) Magnetometer methods. 

(2) Induction-ballistic methods. 

(a) Ring method. 

(6) Bar and yoke methods. 

(3) Traction methods. 

(4) Air gap methods. 

281. The Magpetometer Method. This method is appli- 
cable only to open or imperfect magnetic circuits, that is, with 
'samples baring free poles. 

The experimental work is carried out with apparatus some- 
what like that used in § 203 for findii^ the horizontal com- 
ponent of the earth's field. 

A. sensitive magnetometer is set up at a place where H 
is accurately known, and the effect of the poles of the mag- 
netic test piece, under different values of magnetizing field, 
is found in terms of the deflections of the magnetometer 
needle and H. 

The method is useful only in certain lines of magnetic 
research and has no place in commercial testii^. A serious 
objection to this method is that the shape of the test piece 
largely influences the results. 

We have seen that any bar or rod exerts a demagnetizing 
infiuence upon itself. This form of the test piece can be used 
without corrections only when the length is 300 or 400 times 
the diameter. 

Approximate correction factors can be computed and applied 
for the end effects in the case of round or square bars. With 
ellipsoidal specimens, absolute and reliable results can be 
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obtained, but euch test pieces are difficult to prepare, and 
offer a better test of the skill of the meclkanician tjian of 
magnetic quality. 

Details of the method together with its limitationB will be 
found in the lai^er treatises on magnetism. It will not be 
considered further in this book. 

222. "Hie Ring-Ballistic Method. Most of the practical 
magnetic testing to^lay is based on the induction-ballistic 
method. The ring-shaped test piece is superior because there 
is no free magnetism, and hence there are no poles. We have 
seen that the presence of poles exerts a demagnetizing effect 
on the test specimen. The ring is uniformly overwound 
throughout with turns of a wire which is large enough to carry 
the desired magnetizing current without heating. A secondary 
coil of fine wire is wound over the primary, and is so arranged 
that any chosen number of turns may be connected to the 
ballistic galvanometer. 

The rii^ may be cut or stamped from a plate of the given 
material, or a bar may be bent into a circular form and the 
ends welded together. 

The radial thickness of the ring should be small, as it is 
found that the magnetic changes do not occur instantly, and 
the time required to bring about a change in the magnetic flux 
is greater as the thickness increases. 

Since the induction method is based on the measurement of 
the quantity of electricity induced in the secondary coil, it 
follows that the galvanometer throw may occur before the 
magnetization has reached its iinal value, in which ease the ob- 
served throw will not represent the total charge. This effect 
is not troublesome in thin rings and disappears at the higher 
values of flux density. The liability of error is least when 
a ballistic galvanometer of fairly long period is used. 

The theory of the method is as follows. Let us assume 
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a circuit arranged afl ahown in Fig. 154. A storage battery of 
suitable voltage is connected through an ammeter A and a 
control rheostat R' with the middle points of a reversing 
switch W. This switch is connected also to a double pole 
double throw switch K. With the switch Kon the right hand 
points, current flows through the primary or magnetizing coils 
of the ring R. With the switch K on the left hand points, 
current flows throi^h the primary coils j:> of a known mutual 
inductance M. The secondary coils of R and Jtf are connected 
in series with a ballistic galvanometer g, and a resistance box 
/. The total resist- 
ance of the com- 
bined secondary 
circuits will be 
kept constant 
when once ad- 
justed. The pri- 
mary coils on the 
ring must be closely 
and uniformly 
wound over the 
entire length of 
the iron core. The 
secondary coils 
may be bunched 
at any convenient 
place on the ring. 
With K thrown to the ring side, a reversal of W will reverse 
a current I in the ring primary. This withdraws and reestab- 
lishes the flux through the secondary coil, which, by linking with 
S wire turns, induces a charge Q, in the galvanometer circuit 
Let AJT, represent the corresponding total change in the 
linkings of flux and wire turns. Then we have, by equations 
(76), § 142 and (18), § 149, 
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(11) Q, = ^ = GD, 

where D is the galvanometer throw which occurB when the 
switch is reveraed, r is the total resistance of the secondary 
circuit, and G is the ballistic constant of the galvanometer. 
By equation (2), § 128, we have also 

(12) -Wi = *'S, 
which may be written in the form 

(13) N,= BA8, 

where B is the induction density in the iron and A is the area 
of cross section of the ring. Any change in JT, is due to a 
change in B ; hence the expression iL.NJr becomes 

A(B^^ 

r ' 

and equation (11) may be written in the form 

(14) ^I^= OD. 

Since there are two unknown quantities, AS and 0, in this 
equation, it ia necessary to have another equation which gives 
the value of O, in order to calculate AB. If if is now thrown 
to the mutual inductance side, a reversal of Wwill reverse the 
current of strength t through the primary of the mutual in- 
ductance of value jtf, and the induced charge in the secondarj- 
will cause a deflection d on the galvanometer. The charge Q^ 
induced by this reversal of the current, is given by equation 
(18), § 149, and is 

(15) Q, = ?M=Od. 
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Eliminatiiig Q between this equation and (14), and solring for 
AB, we find 

Since A, S, and M are constants, and sinoe i/d Ib a constant 
for the mutual inductance used, it is convenient to write 

(17) AB = KD. 

It ia frequently found that the deflection D is either too 
small or too la^e for convenience, or it is not of the same 
order of magnitude as d. Values of D and d can be controlled 
by changing /. However, if the total secondary resistance is 
not kept constant throughout, it becomes necessary to measure 
the secondary resistances for each case, and the calculations 
are somewhat longer. 

A more convenient way to control the value of i> is to have 
a variable number of turns iu the ring secondary, each coil, 
however, having the same resistance, so that the total resist- 
ance remains constant as the number of turns is changed. In 
case it is found necessary to chaise the number of turns 
during the prc^ess of an experiment, equation (16) may be 
written in the form 

as, .B=[?f].f. 

When current is flowing through the primary of the ring, 
the reversal of this current causes the collapse of the mag- 
netizing field H, and the establishment of a numerically equal 
field in the opposite direction. This change in H causes a 
corresponding reversal in B. By reference to Fig. 149 it 
will be seen that if H is changed from some positive value at 
a to the corresponding negative value at a', the change in B is 
equal to twice the value of B corresponding to the value of H 
calculated from the current read on the ammeter. This gives 
AS = 2 B ; 
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hence, pnttii^ this value in equation (18), we find 

(") -[i]f- 

This equation gives B in C. G. S. units, or gausses, provided X 
and 1 are in C. G. S. units. If ^ is in heurys and j is in 
amperes, we shall have 

(20) B = 10>^^ gausses. 

The value of the ma^etizing field H for a current of 
strei^h /amperes is given by the equation 



<^') "=[b'^ 



I gausses, 



where T is the total number of turns in the primary, and L is 
the mean circumference of the ring. 

If the monetizing current on the ring is brought to any 
desired maximum value / and is then reduced to zero, the 
galvanometer throw is not a measure of the maximum value of 
B, but is proportional to the difference between the maximum 
value of Band the residual induction remaining after J is zero. 
(See 5, § 223.) It must be remembered that in this and the 
following experiments, the galvanometer throw is a measure of 
the change in the induction. The above method of reversals is 
used in order to avoid the influence of residual nu^netism. 

For a neutral test piece, different values of B will result 
by suddenly or slowly increasing H. Moreover, the first few 
successive reversals of H will not yield the same value of B. 
After several reversals, say twenty, B becomes constant, and 
then its value, computed from half the throw, gives the normal 
induction density. The locus of several such points, for a 
suitable nuige of H values, ia called the normal induction curve 
(§212). This is the curve that always should be used in 
specifying magnetic quality. 
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338. LaboratOTy Exercise L. To dettrmine the magnetic 
•quality of a sample of iron by the ring-baUiatic method, loilk 
current reverials. 

Apparatus. Iron or steel teat ring with tiro windings, 
ballistic galvanometer, standard mutual inductance, double 
pole double throw switch, reversing switch, tap key, ammeter, 
adjustable resistance, control rheostat, and a few cells of 
storage battery. 

Pbocedube. (1) From the primary ring constants, compute 
the value of I for the desired maximum value of H, With 
the circuit arranged as in Fig. 154, throw K to the ring side, 
set r' at some high trial value, say 10,000 ohms, and note the 
deflection when W is reversed, using 10 secondary turns. 
Beduce r' until the reversal of / gives a full scale deflection. 
Keep this value of r' unchanged throughout the experiment. 

(2) Carefully demagnetize the rii^. In doing this, make J 
slightly greater then in (1), and rock the reversing switch with 
the galvanometer circuit open, meanwhile bringing the current 
to zero by means of R'. (See § 219.) 

(3) Throw K to the mutual inductance side with k open, 
and note the zero position of the galvanometer. Close k and 
set the rheostat S' so that the current t, when reversed through 
the primary of M, gives a full scale deflection. Reverse 
several times, and read and record values of i and d. Repeat 
these readings for values of t approximately one half and one 
third as lai^e as before, and calculate the ratio of the current 
to the mean value of the corresponding deflections. This gives 
the value of %/d in equation (20), 

(4) Throw ^to the ring side with Wopen. Close Wwith 
R' set at its maximum value. Then begin reducing R' until 
H is only a few units, say two or three gansaea, and reverse the 
current about 20 times, having previously opened the galva- 
nometer circuit. Close the galvanometer circuit and reverse 
the current again, this time reading the throw D. Diminish 
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ff, bringing the current to a slightly higher value, reverse 
about 20 times as before, and then read the throw for the next ' 
reversal. These reversals are necessary to establish a strictly 
cyclic state in the magnetism of the ring. During these 
reversals the galvanometer circuit must be open. A tap key 
may be used for this purpose. 

Continue the above procedure for 12 or 16 steps, until the 
desired maximum value of H is reached. The instructor will 
advise concerning the maximum values of H and B for the test 
piece used. The first few steps should be small ones, because 
here the B-H curve changes its slope most rapidly for small 
values of B and H. Headings thus taken after several re- 
versals may be repeated as a check. In case it is necessary to 
repeat a reading for a value of H which is less than the one 
before, the test piece must be demagnetized again. 

(5) In order to study the residual magnetism in the ring, 
proceed as follows. After taking the reading of the throw for 
each reversal of the current, bring the reversing switch to its 
middle position, thus breaking the circuit. A throw D, will 
then be observed which is proportional to the difference 
between the value of B and the value of the residual induction 
density B,. This will be clear from a study of Fig. 149. 

If the magnetic condition of the iron at any instant is rep- 
resented by the point B,, reducing I (and hence H) to zero will 
bring the induction density back to some point B,.. The ac- 
companying galvanometer deflection D, is then proportional to 
Bi — B^ In order to compute the value of B, which cor- 
responds to the original magnetizing field Hi it is necessary to 
subtract D, from the throw corresponding to B^, that is, from 
half the throw for a complete reversal of I or Df2. Substi- 
tutii^ D/2 - D, in equation (20), we find the value of the 
residual induction density B, which corresponds to the pre- 
vious excitation H,. Immediately after throwing over the 
switch W and reading D as described in (4) above, quickly 
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open the double pole double throw switch, and read the 
thi-ow D^ 

(6) After the set of readings on the ring is complete it is 
advisable to take another set of calibration readings, as de- 
scribed under (3) above. The mean of the two sets of calibra- 
tion results should be used. 

(7) The constants of the ring and the mutual inductance 
will be found marked on the apparatus. The other data 
should be arrai^ed somewhat as follows. 

CtLiBBATiOH Data 



Muir Theow 



(8) Calculate first the calibration ratio i/d, and compute 
onee for all the values of the constants in equations (20) and 
(21). Using the values of /, calculate the corresponding 
values of H. With the values of D and D„ calculate the 
values of B and B^ 

It must be remembered that half of the throw D is the 
measure of the induction density B. The factor 2 may be 
avoided by reversing the current also during the calibration. 
Then d is twice as great as for a single make or break. Enter 
all these values in the table and calculate the ratio /i = B/H. 



b,Googlc 



XII, i 2241 EXPERIMENTAL METHODS 329 

(9) Choose scales appropriate for the cross-aection paper at 
hand and plot tho B-H curve, using values of H in gausses as 
abscissas. -Values of B, expreased either in gausses or kilo- 
gausses, should be plotted as ordinates. On the same sheet, and 
to the same scale, plot the B,-H curve. On a separate sheet 
plot the n-B and the n-H curves. A B-H curve should also 
be plotted with H expressed in ampere-tums per inch, and 
B in lines per square inch. 

(10) As the value of the current increases, the galvanometer 
throws increase, and may exceed the limits of the scale. The 
ring is provided with a variable number of aecondary turns, 
and the throw oan be controlled by using fewer turns. Chang- 
ii^ the number of turns does not change the total secondary 
resistance, because compensating series coils are introduced. 

(11) For low values of the magnetizing force the previous 
magnetic treatment of a specimen has considerable influence on 
the values of B. This is the reason why complete demagnet- 
ization is necessary. For higher values of H, the values of B 
taken after several reversals seem to be the same, whether or 
not the ring was demagnetized. 

22A. The Fluxmeter. Instead of a ballistic galvanometer, 
an instrument called the fluxmeter is frequently used for 
determinii^ either induction density or total flus. This is 
essentially a suspended coil galvanometer, characterized by 
a strong and uniform ma^etic field, negligible torsion in the 
suspension fiber, and excessive electromagnetic damping. 
The motion of the indicator is not impulsive, but follows the 
changing flux, the limit of its motion being a measure of the 
total chaise which passes through its coil. The deflection of 
the suspended system is independeut of the rate of change 
of the charge. When used with a given test coil, its scale may 
be graduated to read directly either in units of total flux, or 
of flux density. A precise zero setting is not important, since 
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readings can be taken hy obeervii^ differences in the posi- 
tion of the indicator. The fluxmeter scale is calibrated by 
means of a given test coil and a magnetizing fielil of known 
strength. 

It has been pointed out previously that changes in the mag- 
netic flux do not occur instantaneously in iron, especially in 
thick samples, but require a certain time for their completion. 
If this time is comparable to the time of throw of a ballistic 
galvanometer, the throw does not measure the full change in 
the flux. The fluxmeter, however, accurately follows the 
changes in the flux, and it ia under Buch conditions that the 
instrument is chiefly used. It also has the advantage of being 
direct reading. 



226. Bar and Yoke Methods. The labor and time required 
to prepare and wind rings of ma^etic material have led 
experimenters to give much thought to methods which would 
permit the use of short cylindrical bars, which are easily pre- 
pared and for which the magnetizing and test coils may be 
wound once for all. 

An early method is illustrated in Fig, 166. A massive yoke 
YY of soft iron is forged, and holes are drilled at AA', 
through which the 
rod ^slips with the 
least possible clear- 
ance. Primary and 
secondary coils are 
wound on spools 
which slip over the 
portion of the bar 
''"' '■"■ within the yoke, 

and the test is carried through as in the case of the ring. 
If the yoke is made from highly permeable material, the 
error introduced by neglecting its reluctance is not great, and 
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the length of the test bar between the inner yoke faces may be 
taken aa the length of the magnetic circuit. However, no 
matter how closely the bar may fit in the holes, there is a 
slight air gap at the joints which inti-oduces relatively great 
reluctance. These errors will prove least troublesome when 
the bar itself has a high reluctance. For very permeable 
material they are too large to be neglected. The effect of the 
reluctance of the yokes and joints is to shear the B-H curve 
away from the B axis, and approximate corrections may be 
determined. 

In a further modification of the method, the bar is carefully 
faced on the end A' and made to abut against a faced surface 
inside of the yoke. \Vhen magnetized, a force will be re- 
quired to separate the bar from the yoke, and this force is a 
measure of the induction density in the bar. From the pull 
at C necessary to detach the rod from the yoke the value of 
B may be calculated. 

In the original form of the apparatus as used by Hopkin- 
son, the procedure was as follows. The test bar was divided 
ait its middle, and surrounding this plane of division was 
placed a test coil of a suitable number of turns, its terminals 
being connected to a ballistic galvanometer. The spool carry- 
ing the magnetizing windings was divided, with a proper 
space between its inner ends to permit the test coil to pass 
through. On pulling out the left-hand half of the rod by a 
force applied at C, the test coil was thrown out to one side by 
a spring. The magnetic flux between the two portions of the 
bar was then cut by the test coil, giving a throw on the ballistic 
galvanometer from which B was calculated. 

None of the methods mentioned above are capable of giving 
other than approximate results, and it remained for Ewing to 
describe a modification which represented a great advance 
from the standpoint of convenience of manipulation, as well 
as accuracy of results. 
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226. Eving's Double Bar and Yoke MeQiod. This method 
requires two test bars of the given material and two yokes of 
soft iroD. Magnetizing and test coils are wound on brass 
spools which can be slipped over the bars. A cross section of 
the arrangement is shown in Tig. 156. The yokes YY' are 
drilled to fit the standard sized bars, which may be firmly 
clamped in place by set screws in each yoke. A wooden box 
contains the spools with the magnetizing and test coils. A 
small switch playing over brass studs enables a Variable num- 
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ber of turns to be included in the test coil, while the resist- 
ance is kept constant. 

The condition of a perfect magnetic circuit is practically 
attained, and if the apparatus is used in the same manner 
aa the ring in Experiment L, § 223, data for a B-H curve 
may be taken and plotted, as shown in curve 1, Fig. 157. 
This curve is not the true B-H curve for the material of the 
bars alone, as no correction has been made for the reluctance 
of the yokes and joints. If the free length of the bars is 
reduced one half, however, by substituting for the magnetizing 
coils others half as long and pushing the yokes together, 
another test carried through in the same manner a^ before will 
yield a B-H curve which falls slightly below the former, as 
shown in 2, Fig. 157. The true curve for the bars alone, 
corrected for yoke and joint reluctance, can be found in the 
following way. For any chosen value of B, set back the value 
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of H for curve 1 by an amount equal to the distance between 
curreB 1 and 2, Repeat this process for a sufficient number 
of points, and tlie smooth curve drawn tbrough these points, 
curve 3, Fig. 157, will be the true B-H curve for the bare. 



-In the proof below, we shall use the following notation : 

Hi is the nu^netizing force in the entire circuit for the full 
length of bar. 

H, is the magnetizing force in the entire circuit for half 
length of bar. 

H is the magnetizing force in the bars alone. 

Xi is twice the free distance between the yokes, 1st position. 

Li is twice the free distance between the yokes, 2d position. 

ii = 2A. 

Ni is the total number of magnetizing turns on Li, 1st posi- 
tion. 

JTj is the total number of magnetizing turns on Xj, 2d posi- 

I, is the magnetizing current when L, is used. 

7j is the magnetizing current when L^ is used. 

If H is the true magnetizing force in the material of the 
bars alone, then Hi, and HX,, respectively, will be the true 
magnetomotive forces in the bars in the two cases. The total 
magnetomotiTe force around the entire circuit is 4 v times the 
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number of ampere turns. Some part of this, which may be 
represented by M, is required to maintain the magnetic flux 
through the yokes and joints. It is assumed that M remains 
constant throughout The espressions for the magaetomotive 
forces for full and half length of the bars, respectively, may 
be written in the form 

(22) T^,rif7, = HZ.„ 

(23) -^^m, = HL„ 

Each of these magnetomotive forces is equivalent to the aum 
of two compoueuts : one part is required to maintain the flux 
throi^h the bars alone^ and one part is required to maintain 
the same flux through the yokes and joints. Then we may 
write 

(24) Hiix = HLi + ^, 
(26) HjA = HLj + M. 
Subtracting (25) from (24), we have 

(26) H,L, - H,Lj = H[i, - A.]. 
Introducing the condition that L, = 2Li,vfe find 

(27) 2H,i,- H.,I^=HLi, 
whence 

(28) 2H,-Hj=H. 
This may be written in the form 

H = Hj - H, + Hi, 

(29) H=H,-[Hj-H,]. 

The true value for H in the bars for a chosen value of B is, 
therefore, given by subtracting from Hi the difference between 
Hj and H,, as shown in curve 3, Fig. 157. 
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227. Laboratory Exercise LI. To determine tkeB~ H curve 
of a sample willi the Swing doiUile bar and yoke method. 

Apparatus. The same as for the ring method of Labora- 
tory Exercise L, § 223, with the ring replaced by the double 
bar and yoke equipment 

Frocedure. (1) Arrange the circuit exactly as for the ring 
method, vith the magnetizing coils in the battery circuit and 
with the test coils in the galvanometer circuit. The bars must 
be carefully demagnetized before beginning each teat. 

Clamp the bars in place, iirst using the long magnetizing 
coils. Do not force the clamp screws, but set them up snugly. 
If the rods do not pass freely through the holes in the yokes, 
rub them clean and add a trace of vaseline to the cleaning cloth. 

Never pound the rods on the ends, aa thia will certainly ^ui^ 
the fit 

(2) With the number of turns in the secondary windings 
suitably chosen, proceed with the observations precisely as in 
the ring method, first calibrating the galvanometer, then taking 
the firat readinga on the iron with small value of H, not exceed- 
ing two or three gausses. Carry the magnetizing current up to 
the desired maximum, rocking the reversing switch several times 
with the galvanometer disconnected, before taking each reading. 

(3) Demagnetize the bars again, replace the long magnetiz- 
ing coils by the short ones, and repeat the set of readinga with 
the free bar length reduced one half. 

(4) Calculate from each set of data the values of B and H 
from the formulas of § 222, and plot the curves 1 and 2, Fig. 
157, on the same sheet. Set back the points of 1 according to 
the directions given in § 226, and draw curve 3. This will be 
the true B — H curve for the material of which the bars are 
made. The precision of the method is high if care is taken in 
making the observations. 

228. The Compensated Permeameter. It has been shown 
in the foregoing articles that a short cylindrical bar is not a 
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satisfactory test piece because of the polar field developed by- 
its own magnetic state. However, such a bar is a couvenient 
form of test piece because of the ease of manufacture and the 
economy of material, and it is desirable to use it in some form 
of bar and yoke device, lu the Ewing apparatus, § 226, the 
magnetomotive force required to overcome the reluctance of 
the yokes and joints was eliminated by a double set of observa- 
tions and curves. The primary objection urged against this 
method is that the correction factor may not be constant for 
both settings of the yokes. 

In the compensated permeameter, as described by Burrows, 
a magnetomotive force is supplied by means of auxiliary cur- 
rent coils, which is just sufficient to maintain the existing flux 
throi^h the yokes and joints. This insures a uniform flux 
throv^h the entire circuit, and practically amounts to short- 
circuiting the bar by a path of zero reluctance. The general 



]= 



arrangement of the bars, yokes, and coils is shown in Fig, 158. 
The test bar T, and an auxiliary bar T^, of similar but not 
necessarily the same material, are clamped in the yokes F, T^. 
Both bars are inclosed by uniformly wound magnetizing coils, 
which fill the entire distance between the yokes. These coils 
are not shown in the figure. 

The four compensatii^ coils G are placed near the ends of 
the bars, and are connected in series. A current is sent through 
them of snch a value that a magnetomotive force is supplied 
which is sufficient to overcome the reluctance of the joints and 
yokes. Over the middle of each bar at D and E there are 
wound secondary or test coUs of 100 turns each. At Fand JF* 
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on bar 2\ are two coils of 50 turns each which may be con- 
nected in helping series and opposed to either D or E, or they 
may be connected in opposing series so that the chaise in- 
duced in one of them may annul that in the other. It has 
been shown that when the effect of coils F and F" in helping 
series ia exactly the same as that of coil D or E, the magnetic 
flux may be taken as uniform around the entire circuit, and the 
test bar may be treated as though devoid of poles. 

The procedure for determining a point on the B-H curve 
for a given sample is as follows. After calibrating the bal- 
listic galvanometer in the usual way with a known mutual 
inductance, the iron circuit is dema^etized. A small current 
is then passed through the magnetizing coil on bar T, ; from 
this the first value of H may be computed. The secondary 
coils D and E are connected uj series with the ballistic galvar 
nometer, and are opposed inductively. Current is now passed 
through the magnetizing coil on the bar Tt and increased in 
value until, when both currents are reversed simultaneously, 
no galvanometer throw occurs. This shows that the magnetic 
flux through the two coils is the same. 

Current is now passed through the four compensating coils 
in series, and the two colls F and F', are connected in helping 
series, but in opposition to D. The three magnetizing currents 
are now reversed simultaneously by means of a special gang 
switch, and the compensating current is adjusted until no 
galvanometer deflection can be observed. The test bar is now 
in a uniform state of magnetization, and the B value may be 
computed as in Laboratory Exercise L, § 223. By increas- 
ing the magnetizing current on the bar 7\ and repeating the 
procedure as above outlined, other points on the B-H carve 
may be obtained.* 

1 An extended treatment of this metbod ia given In the (ollowlng pablica- 
tions ol U. 8. BcRBAD or Standaedb: Bvtlelin, Vol. 6, p. 31 ; Circular No. 
IT, Magrutie Tetting. 
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229, Traction Methods. If a magnetic circuit includes a 
r gap, free pole8 will exist at the faces of this gap, 
and there will be an attraction between these 
faces which is given by the equation 



a 



(30) f = f^, 



I where A is the face area and B is the induction 
L^^ I density in the gap. The force will be in dynea . 
Pio 159 when B and A are in C. G. S. units. 

This relation can be proved in the following 
way. Let N and S (Fig. 159) represent the two pole faces just 
after separation. If there is a flux density B uniformly dis- 
tributed over the pole faces, we have, by equation (9), § 192, 

(31) BA = 4itm., 

whence the equivalent pole strength of either face is given by 

(32) ™=T^- 

The total flux across a very narrow air gap separating the 
attracting poles may be considered as made up of a component 
flux coming from and belonging to one of the poles, and an- 
other component flux in the same direction belonging to and 
going into the other pole. Hence we may consider one pole 
of strer^th m units, in a field of B/2 units due to the other 
pole. Hence the force that acts is given by the equation 

(88) p.rf. 

Substituting the value of m from (32) in (33), we have 
raA^ o_ B^A 
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This gives the pull in dyues at the inatant of sepaiatioo. 
Solvii^; (34) for B, we obtain the formula 



(86) I 

Various designs of apparatus for using the above relation 
have been suggested,' the one described below being due to 
Fiacher-Hinnen. Referring to Fig. 160, the principle of the 
method will be apparent The long bar E rocks freely about 
a point 0. The bar is graduated in centimeters and milli- 
meters, and carries a sliding weight W of known mass. A 
counterweight W is adjusted to bring the bar into equilibrium 
when W is at its zero position. The pull P takes place at the 
contact face c, when current is passed through a magnetizing 
coil which surrounds the test bar T. The weight W is moved 






out along the graduated bar E through a distance D until the 
separation of the faced surges at c is effected. Equating the 
moments of the forces at this instant, we find 



(36) 


WD-Ph, 


vlunw 




(37) 


p_ WD 



' Bee Standard Handbook i 



. Electrical ENaiHSBKa (4lli ed.), 
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Equation (35) may then be mitten in the form 

(38) ^-Vt?- 

In order to avoid facii^ the end of the test bar it is fre- 
quently provided with a cap that haa a faced surface. If the 
area of the contact face of the cap is represented by A, and 
the area of cross section of the test bar by A,, the expression 
for the total flux becomes 

(39) ^ = B^ = B^.. 

The induction density for the test bar is then given by the 
formula 

(40) B=jyj^M.Km- 

230. LatxHBtoiy Exercise LII. To determine the B-H curoe 
ofasampleofironwith the Fischer-Hinnen traction permeameter. 

Apparatus. Permeameter with accessories, ammeter, re-' 
versing switch, rheostat, and a few storage cells. 

Peockdubk. (1) Arrange the circuit as shown in Fig. 161, 
where is the magnetizing coil about the teat piece. The 
rocking bar should be horizontal, and the face of the soft iron 



-0- 



cap and the under face of the bar must be brought into inti- 
mate contact. To make this adjustment, insert the test piece 
and tighten the clamp screws of the cap. Let the rocking bar 
rest on the lower of the two adjusting screws, and adjust this 
screw till the contact between the faced surfaces is accurate. 
The operator should look across the contact surface toward a 
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strong light. A well lighted window is the beat TJnclamp 
Uie upper screws, remove the test bar, and set W on the zero 
mark, adjusting the counterpoise W' for equilibrium. 

(2) Having demagnetized the bar, insert the upper end in 
the contact piece and tighten the screws. Hold the rocking 
bar firmly against the lower adjusting screw, press up the test 
bar, clamp into contact position, and tighten the lower screws. 
Then unscrew the lower adjusting screw a trifle, perhaps a 
quartet of a turn, to insure contact between the faced surfaces. 

(3) Through the magnetizing coil C pass a small current 
sufficient for the desired minimum value of H. Then slide out 
the weight W until a gentle tap on the base with the finger 
causes the contact faces to part, and record the position of the 
weight on the graduated bar. This is the value of D. 

(4) Repeat the procedure in (3) for perhaps ten increasii^ 
valnes of the current strength up to that which gives the 
desired maximum value of H. Let each reading be the mean 
of at least three settings, 

(6) Calculate B from equation (40), rememberii^ that W, 
the weight of the sliding mass, ts a force, and must be ex- 
pressed in dynes. Corresponding values of H are computed 
from the equation 
(41) H=[A.f]. 

where ??'ia the number of magnetizing turns and L is the free 
length of the ter, 

(6) Plot the B-H curve for the sample. 

The ntmOBt caie is neceasary to iivotd injury lo the faced surface of the 
cap. This piece is very soft, and a slight blow, or a fall to the table or 
floor, or careless uee of the calipers in measuring its diameter may 
seriously impair the accuracy of the facing. Before beginning a test wipe 
both faces carefully with a cloWi. 

No traction method caa be regarded as very satisfactory for investf- 
gating the magnetic quality of a specimen. Such methods are at best 
inexact and ore not to be compared with balliBtlc methods for accuracy. 
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They aAord read; nie&na for making approximate and rapid tests, 
howeT«r, and tbey ate especially useful for coinparaCive methods and 
for grading, where results are desired for a single point on (be curve. 
A joint in a magnetic circuit always increaees its reluctance. Between 
the polished faces there will be a slight adhesion, tending to make the 
values of B too great, especially at low values. 

The advantages of the method are that it Is simple, that the (est pieces 
are easily prepared, and that the results are not affected by stray fields. 
Corrections may be found and applied for the air gap and joint reluctance, 
and for the reluctaitce of the yoke. 

231. Air Gap Methods. Let 5 be a bar for whidh the B-H 
curve is known, and let T be another bar to be tested. If both 
bars are clamped between two soft iron yokes, as shown in 
Fig. 162, the number of magnetizing turns on T may be varied 
by means of switches until the Bus density is the same in both 
bars. When this condition is attained there will be no leak- 
age between points A and B of the yokes. The magnetic 
potential of the points is the same, and all the flux lines that 
pass to the r^ht through S, pass through T to the left. If 
two curved horns are erected at the points A and B as shown 
in Pig. 163, a magnetic needle in the air gap at Q will not 
be deflected when the 
magnetizing current is 
reversed. 
This method, which 



S 



a 



is due to Ewing, is 

""■ ■"**■ analogous to the Wheats 

stone bridge method for the measurement of ohmic resistance. 

While it is not now in general nse, it contains the essentials of 

several practical methods. 

One of these adaptations of Ewing's method, due to Koepael, 
is represented in Fig. 164. The test bar B is clamped in the 
pair of yokes TT„ and magnetized by current sent through 
the coils mm'. At is suspended a coil similar to that used 
in a d'Arsouval galvanometer, through which a weak current 
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of constant strengtli is maintained by an auxiliary' battery. 
Any magnetic flux set up in the air gap wilt react with the 
field about the coil, and 
tend to rotate the sus- 
pended system. The 
apparatus is calibrated 
in terms of a stajidard 
bar, and the scale ssl 
may be made to read 

directly in gausses. An ammeter in the magnetizing coil 
circuit may be calibrated in C. G-. S. units o£ H. The method 
has certain defects, due to the reluctance of the yoke and joints, 
and to the field which the coil sets up outside of the test bar. 

In an improved apparatus of the same general design, the 

pole faces at Q (Fig. 164) are accurately bored out, and an 

armature which is independently driven by an electric motor 

»rfTJ33>.i' ^ inserted. Therefore 

^ t7\ ^ an electromotive force is 

developed if there is any 
flux across the gap, and 
that electromotive force 
is proportional to the flux 
^ if the speed of rotation 
is constant, A voltmeter 
connected to the armature 
brushes may be calibrated to read either flux density or total 
flux. The ammeter in the magnetizing coil circuit may be 
graduated to read the strength of the magnetizing field in any 
desired units. Full correction and compensation is effected 
for the yoke and joint reluctance, the independent field due to 
the coil, and leakage, and the results are highly satisfactory. 
The apparatus ia calibrated by means of a standard bar, whose 
B-H curve has been determined by a double bar and yoke 
method or by a compenaated permeameter. 
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The metal bismuth poasesaea the characteristic of under- 
going a change in ita ohmic resistance when placed in a mag- 
netic field. With values of the induction density varying from 
zero to 40,000 C. G. S. units, the resistance of pure bismuth 
wire will increase nearly threefold. Advantage is taken of 
this property for measuring the magnetic flux through an air 
gap. A fine bismuth wire is wound non-inductively in a flat 
spiral coil and incased in a mica capsule, the entire thickness 
being less than one millimeter. The normal resistance, R, of 
the wire having been measured, it is placed successively in fields 
of incieasii^ strength, the resistance being measured for each 
value of H. A curve showing the relation between values of 
H and R enables us to interpolate any value of H for any given 
value of S. This apparatus is sometimes made up in the form 
of a Wheatstone bridge, the scale being graduated to read H 
units directly. 

232. Hysteresis. Step-by-step Metliod. In order to deter- 
mine the contour of the hysteresis loop, simultaneous values 
of H and B must be determined throughout a complete mag- 
netic cycle. A convenient method for doing this makes use of 
the circuit and apparatus described in § 223, but the rheostat 
must be designed so that definite changes may be made in the 
strength of the current without breaking the circuit. The 
magnetizing field H is increased by suitable increments, and 
the corresponding deflections on the galvanometer are observed. 
Kacb deflection is proportional to the change in B which ae- 
corapanies the change in H, and the value of B for any point 
is found by adding the increments in B from the beginning. 
The separate values of &B may be calculated from equation 
(18), and added together ; or the deflection D for any point 
may be regarded as the sum of all the deflections for the pre- 
ceding steps. Any value of B is a AB with reference to the 
starting point. 
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333. Laboratory Exercise ZUl. To determine the hysteresis 
loss in a sample of iron. Stepiyst^ method. 

Appabatus. As in Laboratory Exercise L, § 223, with 
a special rheostat. 

Pbockduke. (1) Arrai^e the circuit as for the ring 
method (Fig. 164). With the double pole double throw 
switch toward the M aide, calibrate the ballistic galvanometer 



(2) After demonetizing the ring, close the battery circuit 
with Bf set for a small current value. This gives a magnetiz- 
ing force of Hi, and a throw dy (Fig. 165). Diminish & by 
a suitable step without breaking the circuit. This gives a 
magnetizing force Hj and a throw d^. Continue in this way 
until the point a is reached in 
about six steps. Rock the re- 
versing switch about twenty times 
in order to establish this point, 
meanwhile having the key k open. 

Decrease the current by in- 
creasing R, and return in a few 
steps to zero current at point 6, 
Throw over the reversing switch 
and increase the current by steps 
as before until the lower maxi- 
mum is reached at c The current 
value, and hence H, should be the i 
lish this point as before by several reversals. 

Return along cd by decreasing the current until d is 
reached, at which point the current and H are both zero. 
Reverse the current and increase by steps to point a. The 
entire cycle should have about tweuty-five steps. The number 
of secondary turns may be changed at any time if necessary, 
if proper account is taken of the change in computing B. 
Great care must be taken in observing the throws, because 




8 at point a. Estab- 
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any error in one value of d will carry throi^h to the end 
when the deflections are summed. 

(3) Calculate values of H from equation (21). For each 
value of H the corresponding value of B ia calculated from 
equation flS), D of the formula being the sum of all the de- 
flections from zero up to that point. For example, the first 
value of Bi corresponding to H^ is calculated from d^ The 
next value B, is calculated from di + dj, and so on. The data 
and results may be tabulated as shown. 



(4) When the cusps at a and c are reached the deflection 
will change sign, because the induction changes from an in- 
creasing to a decreasing value. In view of this change it is 
advisable to interchange the galvanometer terminal connec- 
tions at these points, in order that all the throws may be 
toward the same side of the scale. This obviates any error 
due to an inequality of fiber torsion. The values of d must 
be added algebraically, each with its proper sign. 

(5) If at any time a resistance step is taken bo great that 
the galvanometer throw is off the scale, the previous work 
must be discarded and the entire cycle repeated. In order to 
guard against this, a preliminary cycle should be carried 
through, choosii^ the steps so that the throw is always read- 
able. The numbers of the steps chosen on the rheostat should 
be recorded and carefully followed in the subsequent observing 
program. 

(6) It will frequently be found that the curve as drawn 
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does not close at a. It is probable that this ia due to faulty 
readings or to errors in aummatioQ of d. 

This method U subject to the criticism that the throw obaerred is not 
a tme measiire of the change In B, since there is a slow creeping up at 
the iudaction which may persist for a few seconds after the throw has 
taken place. Tliis ia due to the so-called magnetic vtacoiity. A mag- 
netometer method is free from this error. 

(7) The antecedent magnetic state is of great significance 
in all magnetic testing. If the piece has residual magnetism 
there is no definite relation between the impressed H and the 
induction -density B. If the sample is not effectively de- 
magnetized, the rising branch of the loop, da (Fig. 165) may 
cross the normal induction curve. Moreover, the loop will 
not be symmetrical above and below the H axis. One half 
of the difference between the extreme values of B, however, 
gives the value of B,„,. 

Sometimes the branch oa is omitted. The current is 
brought to the desired maximum value, reversed several times 
and decreased by steps, the starting point being taken at a. 
The values of H and B will then be plotted with reference to 
a temporary pair of axes as shown in the dotted lines in Fig. 
166. The axes through o may be drawn subsequently, if 
desired. 

(8) I>etermine the area of the loop with the planimeter, 
calculate the enei^y loss in ei^s per cubic centimeter per 
cycle, and express the result also in watts per pound at a 
frequency of 60. The value of B„j should always be stated 
in connection with this result. 

The calculation of the B and H values is somewhat lahorious. It is 
advisable to make some trial calcolations which will indicate whether 
the data may be expected to yield satisfactory results. Two methods 
for checking the correctness of the data are given in the following 
paragraphs. 

Beginning at o (Fig, IQG), the sum of the deflections from o to a 
should be one half of the value found by summing the deflections from 
a to c. Moreover, the summation of deflections over eda should be equal 
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If these TelationB are not foQnd, we may inler Uuit the 



totbatm 

loop will not close U 

Another method is tbiit ot plotting roughly a trisJ carve between the 
rams of the deflections and the correspondiDg current valaee. If this 
dure doses and has a proper oontonr, success may be anticipated with 
llie B-H ciuTe, since B vahiea are proportional to Zd, and H values are 
proportional to the coirenL 

231 Hysteresis. Fixed Point Method. It has been Been 
that the area of the hyateresis loop is a measure of the energy 
loss per cycle, when iron or steel is subjected to a cyclic 
ma^etization. The determination of the B values, as out- 
lined in the step-by-step method of S 232, is open to certain 
objections. Errors in the readings are cumulative, and the 
teadiogs for individual points cannot be repeated. The 




Fia. 166. 



method described in the present article is free from these 
faults, inasmuch aa each reading is referred to a fixed point. 

Assume any chosen magnetizing force H applied to the test 
piece, which brii^B the iron to some point B,^„ (Fig. 166), 
If H is now reduced suddenly to a value H„ the induction 
density drops to B,, and the change in B which causes the 
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galvanometer throw D may be called AiB. The relation be- 
tween D and the value of AB Is seen in equation (18), g 222. 
The iron is now broi^ht back to its original state at a and ^ain 
H is reduced, this time to Hi, which brings the iron to Bg, and 
the corresponding change in induction is AgB. Continuing in 
this way for several steps, we reach the poiat 6 on the curve. 

Points from 6 to c may be found by so arranging the appa- 
ratus that the current corresponding to the value of H at a is, 
by a single throw of lie switch, (1) reduced to zero, (2) re- 
versed, and (3) brought to some small initial value in the 
opposite direction. This impresses on the iron a magnetizing 
force H', which corresponds to an induction density B'. The 
change in induction density from its previous value may be 
represented by A'B. From the original point a, proceeding 
in the same manner, we reach the point H", with the corre- 
sponding induction density B", In this way successive values 
of H are established, until linally the point c is reached, which 
corresponds to a reversal of the original value of the mag- 
netizing current. 

The galvanometer throw observed when the iron is carried 
from the point a to the point c is due to a chat^e in induction 
density given by the equation 

AB = 2 B_„,. 

The value of B,^ is taken as one half of the total chaise in 
B, corresponding to a complete reversal of the original mag- 
netizing current, and other values of B may be found by sub- 
tracting in succession the various values of AB from B,„. 
The values of H may be calculated from equation (21). With 
these corresponding values of H and B the curve from a 
through fc to c may be plotted. The other half of the loop 
may be drawn in from symmetry. Further details' of the 
method will be given in connection with the Laboratory Ezer- 
dse LIV, § 236. 
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SSIt. Laboratory Exercise LIV : To detei-mine the hysteresis 
loss in a sample of iron by the fixed point method. 

Apparatus. The aame as in I^aboiatoty £:xercise L, g 223, 
with aji additional rheostat and a knife switch. 

Fbocbduke. (1) Connect the circuit as in Fig. 167. The 
reversing switch W is bo arranged that the points c and d are 
connected in the asnal manner, while the points a and / are 
oonuected through an adjustable resistance B^. The knife 




switch or key at K is used to short-circuit this resistance if 
desired. An examination of the figure will show that the 
switch TT is an ordinary reversing switch when K ia closed. 
When Kia open, and W is on the points ad, the current has a 
maximum value determined by B^. When IT is on the points 
c/, the current will be diminished by the introduction of ^ if 
iris open. 

(2) With the double pole double throw switch T thrown to 
the mutual inductance side of the circuit, and with the' key K 
closed, calibrate the galvanometer in the usual way. 



b,G(>oglc 



XU, { 235] EXPERIMENTAL METHODS 351 

(3) With the switch T on the ring aide of the circuit and 
with Won the points cf, in which case the croas connections 
are in the ma^etizing current circuit, adjust B^ until a current 
value is reached such that the B limits will be about 6000 
or 8000 gausBee. It is left as an exercise for the student to 
show how the current is determined which corresponds to this 
value of B_„, With the key k open, and K closed, rock the 
switch back and forth several times in order to brii^ the iron 
into a cyclic state, finally resting on the points cf. 

(4) To obtain points on the curve ab (Fig. 166), between the 
maximum positive value of H and zero, proceed as follows. 
With the switch IT on the points cf, and with a small resistance 
in Bj, quickly open K and read the throw due to the audden 
decrease in the induction density AiB. Close if and rock W 
several times in order to establish a^in the original point a, 
with A; open to avoid damaging the galvanometer. Increase 
B„ open K again, and read the throw aa before ; this reading 
corresponds to a change A^B. Continue in this way for about 
six steps until the magnetizing current has been reduced 
to zero. 

(6) Points on the curve from 6 to c now remain to be deter- 
mined. With the original value of the current, rock the 
reveraii^ switch W several times as before with K closed, 
resting finally on points ad, in which case the cross conitectionB 
are not In the current circuit. The iron is now at the point c 
(Fig. 166) ; to regain the value of B,^ at a, the current through 
the magnetizing turns of the ring must be reversed. Thla may 
be done conveniently by interchanging the current wires at the 
primary terminals of the ring. 

Reversing the switch W now will bring the original value 
of the magnetizing current to zero and reestablish it in the 
opposite direction. If at the same time the resistance jB, is 
introduced into the circuit, the limit of the magnetizing field in 
the negative direction la fixed at some value less in magnitude 
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than the preeedii^ positive value. With K open, set R^ at 
some high value which ensures a suitable small negative incre- 
ment H', and read the throw when W is thrown over. This 
corresponds to some change in the induction density A'B, and 
the iron is now at the point B'. 

Again establish the point a by repeated leversals with K 
closed. With iZ, slightly decreased and with K open, reverse 
the switch and read the throw corresponding to a change A"B, 
from B_„ to B". Proceed in this way nntU the point o is 



The last step is taken with JT closed, which corresponds to a 
complete reversal of the magnetizing field H, and gives the 
iron an induction density of — B,,^^ 

Throughout the foregoing procedure the rheostat R^, has not 
been changed, and the current should return to its original value. 

(6) In order to prevent dai^erous throws of the galvanom- 
eter the key A; should be kept open except when a reading is to 
be made. Care should be taken to rock the reversing switch 
W several times before each reading in order to bring the 
induction density to a point which corresponds to the nmxi- 
mum value of H. 

(7) This method possesses a distinct advantage over the 
step-by-step method, in that each point on the curve is deter- 
mined independently, and is reached by a single step from the 
end of the cycle. This prevents the carrying forward and accu- 
mulation of errors. Each reading may be repeated as many 
times as desired, and its correctness checked. The cusps of 
the loop ^I on the normal induction curve. 

(8) Calculate values of AB and H from equations (IS) and 
(21). Beginning at point a, plot the portion of the curve abc 
from the values of AB and H as computed above. Draw in the 
other side of the loop cda by symmetry and locate the perma- 
nent axes through o. Enter on these axes the appropriate 
scales of B and H values. On the curve the value of B„. is 
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represented by one half of the extreme vertical distance 
between the cusps. 

(9) Determine the area of the completed loop with a planim- 
eter, and calculate the energy loss In ei^s pei cubic centi- 
meter per cycle, AJao convert this into the equivalent watts 
per pound at a frequency of 60 cycles per second. 

(10) Repeat the experiment, using a magnetizing current 
sufficient to produce B limits of 10,000 gausses. 

236. Laboratory Exercise LV : To determine the flux deniity 
tn a permanent magnet. 

Appakattjs. Standard mutual inductance, ballistic gal- 
vanometer, slip coil and magnet to be tested, battery, re- 
versing switch, and ammeter. 

Pbockdure. (1) Arrange the circuit as in Pig, 168, Con- 
nect the slip coil in series with the ballistic galvanometer and 
the secondary of the mutual inductance. Place the slip coil 
over the middle of the bar magnet so that the maximum 
number of lines of force link with it. 
Withdraw the coil quickly and read 
the throw d,. The quantity induced 
in the galvanometer circuit is given 
by the formula 

(42, «,.^.^.<M. 



€>—■■ 



where Sk^A is the total number of 

flux lines linked with the coil. In SZ 

this equation, \N is the change in ^_[JJ 

the number of linkii^s, AB is the Vta. 168. 

change in the induction density (from 

B to zero), S ia the number of wire turns in the coil, A is the 

cross section of the bar, and R is the total secondary circuit 

resistance. 
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(2) Adjust R' so that a suitable current of stiength i passes 
through the primary coil of the mutual inductance M, and 
reverse the switch, reading the throw d^ The quantity in- 
duced in the galvanometer circuit is 

(43) Q, = ?-^'-Od, 

Dividing (42) by (43), and solving for AB we have 

/A»\ AD 2 Mid, 

(44) "^-Ast 

It is evident in this equation that AB is the value of B in 
the bar. 

If M, i, and A are in absolnte C. G-. S. units, then B will be 
given in gausses. If Jtf is in henrys and i is in amperes, the 
equation for B becomes 
(46) B = ^^*^10«. 

(3) Bepeat the readings for d, and dj several times and 
calculate the value of B. 

(4) State in connection with the value of B the dimensions 
and shape of the test piece, and calculate the value of the in- 
tensity of magnetization. 

It must be remembered that this test gives information for 
this particular form of the test piece, and yields results char- 
acteristic of the material used only when the bar is very long. 

237. The Measuremeat of Core-Loss. Hysteresis has 
been defined as the lag of the change in induction density 
behind the change in the magnetizing force. In order to earrj' 
a piece of iron through a complete magnetic cycle a certain 
amount of energy is required. This ultimately takes the form 
of heat, and is known as the hysteresis loss. Moreover, on 
account of the cyclic magnetization, eddy currents are set up 
in the ii-on, and these also represent a definite energy equivalent. 



b^Googlc 



XII, ! 237] EXPERIMENTAL METHODS 355 

In iron cores nsed with alternating current circuits these effects 
are closely associated, and can only be determined separately 
by careful measurements. These combined effects are known 
as core-loss, and this may be expressed in terms of energy 
units per unit mass of material per cycle, or better, it may be 
expressed by the power consumption in watts per pound or 
per kilogram of material, for a given frequency and a given 
maximum induction density. 

A method due to Epstein is widely used for making core- 
loss tests. The following paragraphs which describe this 
method are adapted from the standard specifications for 
magnetic tests as adopted by the American Society for Testii^ 
Materials in 1911'. 

The standard core-loss is the power in watts consumed in 
each kilogram of material at a temperature of 25° C, when 
submitted to a harmonically varying induction, having a 
maximum of 10,000 gausses and a frequency of 60 cycles per 
second, when measured as specified. 

The m^netic circuit consists of 10 kilograms (22 pounds) of 
the test material, cut into strips 60 centimeters long and 3 
centimeters wide, half parallel and half at right angles to the 
direction of rolling. These are assembled in four equal bundles 
and arranged in the four sides of a square with butt joints, the 
opposite sides consisting of strips cut from the sheets in the 
same way with reference to the direction of rolling. 

No insulation other than the natural scale of the material 
(except in the case of scale free material) is used between 
laminations, and the comer joints are separated by paper 
strips, 0.01 inch in thickness. 

The magnetizing winding consists of four solenoids surround- 
ing the four sides of the magnetic circuit, and joined in series. 
This is represented in Fig. 169 as a sii^le coil M. A secondary 
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coil P is used for energizing the voltmeter and the potential 
coil of the wattmeter. These coils are wound on forms of 
non-magnetic, non-conducting material, of the following 
dimensions : 

Inside cross section ; 4 by 4 centimeters, 
Thickness of wall : not over 0.3 centimeter. 
Winding length : 42 eentimeters. 

The winding on each solenoid should consist of 160 turns of 
copper wire uniformly wound over the 42 centimeters of length. 
The total resistance of the magnetizing coils is between 0.3 
and 0.5 of an ohm. The secondary wiuding of 150 turns of 
copper wire on each solenoid is similarly wound beneath the 
primary coils. Its resistance should not exceed one ohm. 




The arrangement of the .circuit is ahown in Fig. 169. A 
voltmeter V, and the potential coil of a wattmeter W, are con- 
nected in parallel to the terminals of the secondary winding of 
, tiie apparatus. The current coil of the wattmeter ia connected 
in series with the primary winding. A frequency meter is 
placed at F. An alternating E, M. F, of the pure sine curve 
type is impressed on the primary windings, and is adjuated 
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until the Toltage of tiie secondary circuit is given by the 

equation 

(46) ^^4/^»BJf 

■where the letters denote the following quantities : 

/= Form factor' of the primary E. M. F. wave = 1.11 for a 
sine wave. 

If = Number of secondary turns = 600. 

n = Number of cycles per second = 60. 

B = Maximum induction density = 10,000. 

M = Total mass in grams = 10,000. 

L = Length of strips in centimeters = 50. ' 

D =s Specific gravity. 

E = 106.6 volts for a sine wave with high resistance steel. 

E = 103.8 volts for a sine wave with low resistance steel. 
A. specific gravity of 7.5 is assumed for all steel samples having 
a resistivity of more than two ohms per meter-gram, and 7.7 
for all steel samples having a resistivity of less than two ohms 
per meter-gram. These are designated as high resistance 
and low resistance steels respectively. The formula is derived 
as follows. 

The maximum magnetic fiux through the iron oi steel may 
be represented by ^. This will rise and fall aud reverse its 
direction with the magnetizing field of the alternating current, 
and it will cut the wire turns of the voltage coil four times per 

I It the average is taken of a large number ot equldUtant ardiaaXes lor a 
Bine carve, it is touad to be 0.63U9 ot tbe maximum ordinate. That in, the 
averagevalueot the E.M.F. is 0.6369 of tlie maximum value. The reading on 
the voltmeter, however, U not the maiimnm valae, nor is it the avecage 
value, but it is that value of the altematinK voltage which is equivalent to 
tbe sqaars root of the mean ot the squares ot the several ordinates. ThU is 
called the effeotlTe value, and may be shown to be 0.707 of the maximum- 
ordinate. The ratio of tbe effective (« the average value is IJl for a sine 
curve, aud this ratio is called Ihe tnrm factor ot the wave. Proofs of these 
ceiationa ma; l>e tonud in Flbuino, The Altemaling Current Traiitformer, 
Vol. 1, pp. 96-103. 
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cycle. For a frequency n the flux will cut the wire turns 4n 
times per second. If there are 2f wire turns on the voltage 
coil there will be 4 »^ flux turns or linkii^s per second. 
From the Faraday equation, § 129, the average voltage induced 
is equal to the time rate of change of the number of linkings ; 
whence we have 

The value of ^_„ may be replaced by AB^^ where A is the 
area of cross section of the core. Moreover, since we know 
that 

volume = 



we may write 

or 

(48) 

It followB that 

(49) 



density' 



' iLD' 



Combining equations (47) and (49), we obtain the equatdon 

(50) g 4«JfB^ .3f 

*■ ' " 4 £0108 

Since form £actor is defined as the ratio of the effective to the 
average value of the voltage during a half cycle, equation (60) 
may be written in the form 
(61) E„=B../_i!M^B„ 
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The wattmeter gives the power consumed in the iron and 
the secondary circuit. Subtracting the correction terms from 
the total, and dividing by the mass in kilograms, gives tiie 
loss in watts per kilogram under standard conditions. 

It ia often desirable to separate the losses due respectively 
to hysteresis and to eddy currents. This may be done by 
taking advanta^ of the fact that for a given value of the 
maximum induction density, hysteresis varies directly with 
the frequency, while the eddy current loss varies with the 
square of the frequency. If the total core-loss is determined 
for two known and different frequencies for the same value of 
B^rf two simultaneous equations may be written with two un- 
known quantities, from which either one of the two feetors 
may be found. 

The method described above requires expensive equipment 
and massive samples, and it may be replaced oftentimes by 
the following method, which yields results of sufficient accu- 
racy for many purposes. A small bundle of strips of the test 
material is placed in a solenoid energized by alternating cur- 
rent, with the current coils of the wattmeter in aeries with the 
magnetizing circuit. Two separate secondary windings are 
provided for the potential coils of the wattmeter and for the 
voltmeter. A low frequency is used in order to minimize the 
eddy current effects. Empirical corrections are applied for 
the irregular flux distribution in the sample. Measurements 
thus made are accurate within 6 %. 

A still further simplification gives results sufficient for 
comparative purposes, in which a bundle of strips of the test 
material, of specified dimensions, is placed in a magnetizing 
solenoid, and wattmeter readings are compared with others 
taken for a standard sample under the same conditions. 

The various electrical handbooks give valuable information 
on these methods of testing, and also on the values of core- 
loss in representative materials. 
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338. Laboratory Exercise LVI : To detemiiiie core-loss wUh 
the Epttein equipment. 

Apparatus. Epstein permeameter and acc«BBorieB, source 
of suitable alternating current, voltmeter, ammeter, wattmeter, 
frequency meter, and samples to be tested. 

Prockdure. (1) Arrange the circuit as shown in Fig. 169. 
Place the bundles of steel in the solenoids, with strips cat the 
same waj in opposite sides, and with one thickness df paper 
separating the ends. Clamp the bundles in place before clos- 
ing the line switch. Bap the joints with a wooden or raw- 
hide mallet until the ammeter shows a minimum magnetiz- 
ing current Short-circuit the ammeter with a knife-switch. 
If standard conditions are to be used, adjust the voltage and 
frequency to normal. Never adjust the voltage by inserting 
inductive resistance, since this will change the wave form. 

(2) Bead the wattmeter and voltmeter simultaneously and 
note the frequency. Subtract from the wattmeter reading the 
E^/R loss in the potential coils of the two instruments. The 
losses in coils of the permeameter are negligible. 

(3) Divide the corrected loss by the mass. This gives the 
core-loss in watts per kilogram. Express this result also in 
watts per pound. 

(4) Calculate B from equation (52). 

(5) Repeat for three other samples. 

(6) In order to separate the hysteresis effects from the eddy 
current loss, the test may be repeated at a different frequency. 

EZBKCISBS 

1 Beduce a loss of 0.9 watt per pound, B_„ = 10,000, at 100 cycles 
per second, to etgs per cubic centimeter per cycle. 

S. Given an iron ring 40 oentimetera in diameter, of orosa section 6 
Bquare centimeters, overwound with 200 primary turns, and 100 secondary 
tunui. A cnrrent is passed through the primary oi Bnch value that the 
iroD has a permeability of 1000. Calculate the mutual inductance of the 
colls in millihenrys. 

S. Show that the number of ampere tarns necessary to establish a flux 
density B through an air gap of length L cm. is 0.8 b£. 

Dinitizedb, Google 



PabtI. Absolute Measubehbnts 

239. Absolute Measurements. An importajit class of 
electric measure ments, which can only be nndeitaken in a well 
equipped precision laboratory, includes the determination of 
the fundamental electric quantities, current, resistance and 
potential difference, directly in terms of the centimeter, the 
gram, and the second.' 

Bodies which are electrically charged are known to attract 
or repel one another with forces which are proportional to 
the magnitudes of the charges. An inatrument called the 
electTometer is used to measure directly the force action 
between parallel plates, when they are charged with a given 
potential difference. The theory and description of this in- 
strument in its various forms will be found in the larger text- 
books on electricity. In brief, the determination of a poten- 
tial difference is made to depend upon foree measurements 
between parallel charged plates. On account of the difficulty 
of making plates perfectly plane, and keeping them exactly 
parallel, the precision attained is not high, and the direct 
determination of a potential difference in absolute measure is 
not attempted. 

The International Conference, London, 1908, selected the 
ampere and the ohm as the two units which could be most 
easily evaluated in absolute measure, and from these two, the 
volt is readily fixed by the relation given in Ohm's Law. 

240. The Absolute Measure <A Current Strength. The 

forces due to the magnetic fields about current-carrying con- 
' S«e Gray, Absolute Me<uurement> in EUcMcity and MagnetUm, vol. IL 

sai 
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dactorB may be measured directly in dynamic units in any 
one of the three following ways. 

I. If a standard magnetic field is available, equations sim- 
ilai to those for the tangent galvanometer will give the value 
of a current strength in terms of the field strength, together 
with certain geometric constants of the circuit. 
( II. The torque due to the reaction of ma^etlc fields about 
fixed and movable coils may be expressed in terms of the 
elastic constants of a suspension fiber, when the suspended 
system moves about a vertical axis. 

III. The force or torque due to the magnetic field reactions 
about adjacent coila may be balanced against the gravitational 
pull of the earth on known masses, if the axis of rotation of 
the system is horizontal. 

Absolute methods of measurement of current strength have 
been based upon all of these principles, but it is by means of 



"^ '^" 



U" 



the third that the most recent and the most accurate deter- 
minations have been made. The principle is illustrated by 
Fig. 170. 

The coils A, B, G, and D are fixed in position, and coils E 
and jP are hung symmetrically between them, from the arms 
of a bal^ice. If the same current passes in series throi^h all 
six of the coils, in such direction that the acting torques are all 
in the same sense with respect to the axis of rotation 0, the 
tendency of the beam to turn may be compensated by the pull 
of the earth on standard masses placed on the beam or on pans 
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attached to the coils E and F. The total torque is proportional 
to the square of the current strength, and the value of the 
current may be calculated from the forces acting, the dimen- 
siona of the coils, and the number of wire turns. In recent 
work the result is made to depend upon the ratio of the radii 
of the fixed and movable coils. This ratio can be obtained 
by an electric method with greater precision than by direct 
measurement. 

The current strength determined in this way is expressed in 
absolute C. G. S. units. A silver voltameter in series with the 
coila enables the experimenter to express the result in terms 
of the maaa of silver deposited in one second. Moreover, if a 
standard resistance is in series with the circuit, the potential 
difference across its terminals when the measured current is 
flowing, may be compared with a Weston normal cell. In this 
way the value of the International ampere may be expressed 
in terms of absolute units. 

The precision attainable in these measurements is of the 
order of two or three parts in 100,000.' 

241. The Absolute Measurement of Resistance. The 

necessity of finding the resistance of some particular conduc- 
tor in absolute measure was recognized early. In 1863 such 
determinations were undertaken by a committee of the Brit- 
ish Association. Many methods have since been suggested 
and developed. That due to Lorenz is probably the simplest 
in theory and in practice. 

In g 109 it was shown that a standard magnetic field of 
known strength is realized at the center of a loi^ solenoid 
which carries a steady current. Let the outer circle AA, Fig, 
171, represent one turn at the middle of such a solenoid. The 
magnetic field is here perpendicular to the plane of the paper. 

1 For a detailed dlscnagioii of these methadg, together with Feterences to 
standard papers on the subject, eea U.8. Bubbau or Stahdakds, BtdltHn, 

Toi. 8, p. 2fi9, ima. 
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With the battery polarity as indicated, the direction of the 
field is away from the reader. A circular disk D of radius r 
is mounted with its plane at right angles to the axis of the 
solenoid. This diak can be maintained in uniform rotation by 
an auxiliary motor of any kind, 
and it is equipped with a de- 
vice for accurately counting 
the number of revolutiouB per 
second. Brush contacts are 
applied at the axis and rim of 
this disk. The radial filament 
of the disk comiecting the points 
of contact of the brushes may be 
f,g jji_ * regarded as a conductor which 

is cutting lines of force. A 
constant potential difference exists between the brushes when 
a uniform rotation is .maintained. I^et H represent the fiux 
density through the disk and A its effective area. The total 
flux through the disk is then given by 

and this fiux is cut once by the line connecting the brushes, 
for each complete revolution. If the time of one revolution 
is t seconds, then the number of lines of ma^etic flux cut in 
one second is given by ^/t. This may be regarded as the rate 
of change of linking of magnetic lines with the radins of the 
disk which connects the brushes, and the potential difference 
between the contact points may then be found by means of 
Faraday's equation (7), § 129. 
We may then write 

dt t t 
By equation (33), § 109, we have 



b,Googlc 



S 241] ABSOLUTE MEASUREMENTS 365 

whence 

^ _^ 4 irniA _ 
^ t 

From the equations of § 131, it is seen that the mutual induo- 
tance between the disk and the solenoid, or the number of flux 
lines passing through the disk when unit current flows in the 
coil, ia given by the ec|_uation 

M=itniA, 
whence 

t 

The brushes are connected to the terminals of the resistance 
R which ia to be determined, and a galvanometer ;; is included 
in the circuit The connections are made so that the potential 
difference due to the cutting of magnetic lines is opposed to 
the potential drop through R. If the value of i and the speed 
of rotation are adjusted so that no deflection occurs on the 
galvanometer, then we may write 



Since the time of one revolution is always the reciprocal of 
the number of revolutions per second z, we have 

B = Mz. 

The value of M can be calculated directly from the geometric 
constants of the apparatus, and z can be determined accurately. 
In this way the resistance of a wire coil or of a mercury col- 
umn can be directly evaluated in absolute measure.! 
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Part II. Table 

COSDDCTIVITT Of NOBUAL SoLCTIOH OF KCl 

[74.eO grams of KCl in one liter of solution.] 



Text. 


COHP^^V 


TIMP, 


ConDtTCTiynY 


15" C. 


0.09264 mhoa 


22= C. 


0.10696 mhoa 


Ifl 


0.0&M3 


23 


0.10788 


IT 


0.09668 


24 


0.109S1 


18 


0.09824 


26 


0.11174 


19 


0.10019 


26 


0.11S92 


20 


0.10209 


27 


0.11614 


21 


0.10402 


28 


0.11840 



MaTHBMATICAI. AMD PhTSICAI. CONSTANTS I 

Base of Nspierlui logarithms 

To coDTert common logarithms Into Napierian, i 

tiply by 
To convert Napierian logarithms Into 

rithma, multiply by 
Batio of circumference to diameter of a circle 

4r 



Density of mercury 

Electrochemical equivalent of sliver 



Acceleration of gravity, Fotadam 
Acceleration of gravity, Washington, D.C. 



Fbbqdbht Dsb 
= 2.71828 



0.07967 



= 1.0992 
s 13.6966 gr, per 
cable centimeter 
= 0.00111S04 gr. 
per coulomb 
=981.274 cm. aec. 
=980.094 cm. sec. 
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Part III. Standard Rbferbhce Books 

Flezning — Handbook for the Electrical Laboratoiy, 2 vols. 

Fleming — Alternate CurreDt Tranaforuier, Vol. I. 

KarapetoB — Esperimental Electrical EngineerlDg, 2 vols. 

Eempe — Handbook ot Electrical Testing. 

KohlrauBch — Lehrbucb der Fraktiscben Physik. 

Boiler — Electric aud Magnetic Measure men ts. 

Edgcumbe — Industrial Electrical Meaauring Instruments, 

Murdock and Ocbswold — Electrical Instruments. 

Ewing — Magnetic Induction in Iron and other Metala. 

D[i Bois — The M^nettc Circuit in Theory and PracUce. 

Northrap — Methods of Measaring Resistance, 

Foster and Porter — Electricity and Magnetism. 

Starling — Electricity and Magnetigm. 

BrookB and Poyser — Magnetism and Electricity. 

Thompson, S. P. — Elementary Lessons in Electricity and Magnetism. 

Qray — Absolute Measurements in Electricity and Magneljsm. 

Palmer— Theory of Meaenrements. 
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Absolute measuremeat. 3 



Accumulator, 101, 107 
A ging of magnets. 316 
Air gap methods of magnetic teat~ 
ing, 342 

of magnetic materiaU, 314 

magnetic materials, 315, tor 



them 



ioupleH, 108 



mating current galvaoometer, 2S 
■, 18, 134 
Ampere, 141 
Ampere, 8, 9, 158 
Ampere-tum, 276 
Analysis of experiment, 3 
AndecBon'a method, self-inductanee, 

245 
Aperiodic, 23. 209 
Astatic system. 27 
Average value of E. M. F„ 3S7 
Ayrton ahunt. 92, 95 

B-H curves, 301. 304 
Balliatic galvanometer. IS, 205 

suspended coil type, 206 

suspended needle type, 20S 
Bar and yoke, 330 
Battery cell, 101, 115 

dry, 103 

Edison-Lolande, 104 

gravity, 101 

Leclanchfi, 102 

secondary. 106 

standard (cadmium, Carliart- 
Clark. Clark, Weston), 105 
Battery redntance, 78, 115 
Biot. 141 
Bismuth in magnetic field, 344 



Bosanguel, 276 
Box bridge, 72 
Bvmnps, 336 

Cadmium cell, 105 
Calibration of ammeter, 134 

ballistic galvanometer, 210, 217 

current galvanometer. 44. 121 

electrodynamometer, 153 

voltmeter, 137 
Capacity, electrostatic. 9, 15, 161 

parallel and series combinations, 
169 

standards, 165 

units, 9, 162 
Carey Foster, mutual inductance 

method, 257 
CarharC-Clark standard cell, 105 
Cell, tee Battery, Standard. Storage 
Centimeter, unit ot inductance, 188 
Charge, electric (see also Quantity), 

9.12. 184, 157, 163, 171,201 
Charge, loss of, 95, 166, 225 
Chicago, electrical congress, 7 
Clark standard cell. 104 
Coercive force. 306 

in permanent magnets, 318 
Coeroivity, 281, 307 
Compensated permeameter, 336 
Condenser (_aee aUo Capacity). 161 

discharge through high resistance. 
234 
Conductivity, 58 

of electrolytes, 98 
Control in galvanometer. 22 
Copper voltameter, 158 
Core-loss, 302 

measurement of. 354 
Coulomb, 8, 9 
Current balance. 362 
Current inductor, 185 
Current sendbility of galvanometer, 



b,Googlc 



Cuirent straogth, S, 14, 139 
absolute measure of. 362 
unit of, 5, 8, 0, 158 

Dunpins, 23 
factor, 209 

in balliaUc galvanometer, 207 
in suspended ooil galvanometer, 2S 

D'Arsonval galvanometer, 2S 
Declination, 2S£ 
Defining equations, 10 
Demagnetisation methods. 279, 2S1, 

318 
Demagnetising effect of poles, 279 

effect in abort bar magnets, 261 

factoiB, 281 
Derived units, 7 
Diamagnetic subatancea, 265 
Dielectric constant, 168 

strength, 16S 
DimeusiDDal equaUons, 11 

formulas, 10 
I^men^ns, theory of, 10 
Dip. 285 

circle, 287 
Discharge key, 215 
Double bridge. 82 
Dry eeU, 103 

Earth inductor, 298 
Earth's magnetic field, 286 

horizontal component. 288 

speciScatLOns of, 285 

vertical component, 286 
Earth's magnetism. 285 
Edison-Lalande cell. 104 
Edison storage ceU, 107 
Einthoven galvanometer, 30 
Effective value of E. M. F.. 357 
Electric current. 139 

electrolytic effect, 167 

heating effect, 154 

magnetic effect. 140 
Electrification {»ee alto Absorption). 

04, 236 
Electrochemical equivalent. 15S 
Electrodynamomet«T, 161, 163 
Electrolytic effect of a current, 140, 
157 



Electrometer. 361 

Electromotive force (see alao Poten- 

tiaJ), 6, 8, 101. Ill 
Electrostatic system of units. 12 
Energy in capacity circuit, l74 

in inductive circuit. 197 
Epstein oore-loss equipment, 366 
Error, treatment of, 1 
Errors of observation, 2 

instrumental, 2 

systematic. 2 
Ewing's double bar and yoke equip- 



Fall of potential, 7, 14, 101, 140 

Farad. 9, 164 

Faraday, 180 

Faraday's equation, 180 

Faraday's law, 157 

Ferromagnetic substancee, 266, 314 

Figure of merit, 41. 42 

Fiacher-Hinne 

Flow calorimeter, 156 

Flui density, 273 

Fluxmeter, 329 

Flui turns, 179 

Form (actor. 357 

Fundamental units, 8 



Galvanometer, alternating < 

ballistic, 18, 206 
current. 18, 49 
Einthoven, 30 
high frequency. 29 
potential, 46 
resistance, 76 
sensibility, 41 
specifications, 30 
suspended coil, 19, 27 
suspended needle, 10, 27 

), 248 



Half deflection methods, 76 
Helmholta equation, 191 
Henry, 9, 183, 187 
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High frequency galvanometeT. 29 

permeability. 305 
High resistance meaBiiremeDt, S9, 

235 
Hopkinaon. 331 
Hopkinson yoke, 331 
Hyatereaia, 302, 307 
Hysteresis, measurement of, 

fixed point method, 348 

step-by-step method, 344 
Hysteretic constant. 312 

Imperfect magnetic circuit, 269 
IncUnation, 285 
Inductance. 9, 15, 178, ISS 

mutual, 182, 183. 23S 

self, 186. 187, 238 

units Qf, 9, 187 
Inductaoce density, 273 
Induction, electromagnetJc, 178 
Inductive circuit. 

charge induced io, 201 

current and energy relations, 190 
Intensity of earth's field, 285 
Intensity of magnetiiation. 271 
Interlinkiogs, 17S 
International Electrical Congress, 

Chicago. 7 
Intsmational units, 8. 158 
Intrinsic energy equation, 197 



Kelvin bridge, 79, 82 

galvanometer, 27 
Keys, 16, 215 
KirchhoS bridge, 79 
Koepsel permeameter. 342 
KohlrauHch bridge, SO 

Laboratory methods. 

report, 3 
Lamp and scale, 25 
Laplace. 141 

Leakage, electric, 05, 160, 225 
Leakage, magnetic, 269, 282 
Leclanch6 cell. 102 
Leeds and Northrup potentiometer. 
131 



Line of force, 272 

Lines of induction, 273 

Linkings, 17B. 179 

Logarithmic decrement, 209 

London conference, 8, 361 

Lorenz method for measuring resist- 



79 



Magnetic aids of the earth, 2S5 

Magnetic circuit, 264 
imperfect, 269 
law of the, 274 
perfect, 269 

Magnetic effect of current, 140 

Magnetic elements, 284 

Magnetic field, about a current, I 
about a straight wire, 142 
at center of circular coil. 144 
at center of solenoid, 148 
on Biis of a circular coil. 143 



specifications, 5 

strength, 5, 270 
Magnetic flux. 9. 14, 272 

leakage, 269, 282 

materi^, 260, 314 

moment, 271 

polarity, 269. 270 

pole strength, 5, 13. 14 

susceptibility. 271 

teatiog. 301 
Magnetism, 264 
Magnetization curves. 301 
Magneto-inductor, 218 
Magnetomotive force, 274 
Manganin, 61 
MoTweU, 238, 239, 275 
Maxwell's method, 

mutual inductances, 260 

self-inductance, 239 
Maxwell, unit of magnetic flux. 9, 

272, 273 
Mechanical equivalent of heat, 154 
Megohm. 56 
Meter bridge. 68 
Mho, 58 
Microfarad, 164 
Microhenry. 187 
Microhm, 56 
Mil-toot. 57 
Millihenry, 187 
Mirror and scale, 24 
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Mixtucea, method of, 232 
Multiplied', 47 
Multiplying factor, 33 
Mutual inductance, 182 

definitionB, 183 

standards, 183 

units, 183 
Mutual inductance 

of coaxial salenoids. 184 

of aymmetric circuits, 186 

Normal induction curve, 310, 325 
Normal induction density, 326 
North magnetic pole, 285 

Oeraltd, 141 

Oerst«d, unit of reluctance, 277 

Ohm, 8, S5 

Ohm, 53 

Ohm'B law, 6, 53, 140 

Olma, 59 

Paramagnetic, 265 
Paris Convention, 9 
Perfect magnetic circuit, 260 
Penuanent magnets, 316 

methods of testing, 318 
FenueabUity, 18B, 273, 277, 302 

at high frequency. 305 

effect on inductance, 185, 189 
Permeance, 277 
Polar demagnetiiatiou, 270, 281 

field, 279 
PolariiatioD, 102, 119, 121 
Poles of magnet, 5, 269 
Post-office box bridge, 72 
Potential difference or drop, 7, 14, 
101. Ill, 140 

galvanometer, IS. 46 
Potentiometer, simple circuit, 123 

type K circuit. 131 

Wolff circuit, 128 
Power, electric unit of, eee Watt 
Precision of observations, 1 
Prefixes, 16 
Primary batteries, 101 

Quadrant, unit of inductance, 188 
Quantity of electricity, 9, 14, 164, 1S7, 
163, 171. 201, 204 

Radial field in galvanometer, 29 
Rayleiak, 238 
Reciprocal ohm, 58 



Reflecting galvanometer, 25 
Reluctance, 275. 276, 277 
Reluctivity. 277 
Remanence. 307 
Residual charge. 167, 226 
Residual magnetism. 302, 306, 316 
Resistance, 6, B, 15, 53 

absolute measurement of, 363 

absolute unit of, 8, 55 

box, 62 

by loss of charge, 235 

materials, 60 

of electrolytes, 96 

series and parallel combinatiooB, 7 

standards of, 64 

temperature coefficieDt of, 6S 
Resistivity, 66 

mass unite of, 67 

votimie units of, 57 
Retentivity, 307 
Rheostat, 64 
Ring-baUletic method, 322 

Secohm, 239 
Secohmmeter, 263 
Secondary batleries, 101, 106 
Seiheck, 108 
Self-inductance, 186 

definitionB, 187 

of a solenoid, 189 

standards of. 187 

units of, 9, 187 
Sensibility of galvanometers, 41 
Shunt. AyHon universal, 37 
Shunt box, 35 
Shunt, constant current, 36 

interchangeable, 50 
Shunts, theory of, 32 
Silver voltameter, 158 
Slide wire bridse. 68 
Soakage. 167 

Solenoid, magnetic field in, 148 
South magnetic pole, 2S5 
Specific inductive capacity. 168 
Specific resistance, 56 
Standard cell, 104 

Carhart-Clark. 105 

Clark, 104 



West! 



, 105 



Standard cell specifications, 105 
Standard cell, temperature coeffi- 
dent of, 104, 105 
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Storage cells, 107 

String galvanometer, 30 

SubpermsneDt magnetism, 316 

BusoeptibUity, 271 

Suapended coil galvanometer, 19, 

Suspended needle galvanometer, IQ, 

27 
8nitohe«, 16 

Tangent galvanometer, 23 
aiugle coil. 14S 
douUe coil, 147 
Telescope and acale, 25 
Teraperature coefficient of resiBtanoe, 

5S, 59 
Temperature coefficieat of standard 

cell, 104 
Terminal potential difference. 111 
Thermocouple, 109 
Thermoelectricity, 108 
Thermoelectromotive force, 108 
Thomson, Sir William (Lord Kdvin), 

37 
Thomson bridge. 79, 82 

galvanometer, 27 
Time constant in capacity circuit, 

173. 174 
lime constant in inductive circuit, 
19S, 196 



Torque, 19 

in electrodynamometer, 152 
in suspended coil galvanometer, 21 
in suspended needle galvanometer, 
20 

Traction method of magnetic tesl- 

Umt«, 7, 8 



Vibration galvanometer, 29 
in capacity meaauremente, 231 
in inductance measurements, 250 

Volt, 8, 9 

Voltameter, 168 
copper, 158 
Mlver, 158 

Volt boi, 135 

Voltmeter, 18, 45, 136, 153 
multiplier, 47 

Watt, 8, 9 
Wattmeter, 153 
Weston cell, 105 
Wheatatone bridge, 67 
Wolff potentiometer, 127 
Work (see alto Energy, and Joule), 
8. 9, 154, 174, 197 
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Analytic Geometry and Principles of Algebra 

BY 
ALEXANDER ZIWET 

Professor of Mathematics, the Universitv or Michigan 

AND LODIS ALLEN HOPKINS 
Instructor in Mathematics, the University of Michigan 

Edited by EARLE RATHOHD EEDRICE 

Clolk, viii-i- j6q pp., appendix, answers, index, l2mo, $l.6o 

This work combines with analytic geometry a number of topics traditionally 
treated in college algebra that depend upon or are closely associated with 
geometric sensation. Through this combination it becomes possible to show 
the student more directly the meaning and the usefulness or these subjects. 

The idea of co5rdinates is so simple that it might (and perhaps should) be 
explained at the vecy beginning of the study of algebra and geometry. Real 
analytic geometry, however, begins only when the equation in two variables 
is interpreted as defining a locus. This idea must be introduced very gradu- 
ally, as it is (lifficull for the beginner to grasp. The familial loci, straight 
line and circle, are therefore treated at great length. 

In the chapters on the conic sections only the most essential properties of 
these curves are given in the text ; thus, poles and polars are discussed only 
in connection with the circle. 

The treatment of solid analytic geometry follows the more usual lines. But, 
in view of the application to mechanics, the idea of the vector is given some 
prominence; and the representation of a function of two variables by contour 
lines as well as by a surface in space is explained and illustrated by practical 

The exercises hive been selected with great care in order not only to fur- 
nish sufficient material for practice in algebraic work but also to stimulate 
independent thinking and to point out the applications of the theory to con- 
crete problems. The number of exercises is sufficient to allow the instructor 
to make a choice. 

To reduce the course presented in this book to about half its extent, the 
parts of the text in small type, the chapters on solid analytic geometry, and 
the more difficult problems throughout may be omitted. 

THE MACMILLAN COMPANY 

PobliBhwi «4-ee TUtb Atmiim Kew York 
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Elementary Lessons in Electricity 
and Magnetism 

By SILVANUS P. THOMPSON 

New and Rev, Ed., III., 8vo, $i.SO 

After a wide use for twenty-one years, this book now 
comes from the press in a completely revised form, which 
incorporates the progress of the science during this 
period, and brings the treatment abreast of the most 
recent developments in theory and practice. 

Not only have the various topics taken up in the older 
book been brought to date and expanded where neces- 
sary to meet the needs of teacher and student, but the 
newer phases of the subject have been covered in the 
same clear, direct manner which made the earlier volume 
popular as a text. 

Entirely new chapters are devoted to the Electron 
Theory, to Wireless Telegraphy, to the Transmission 
and Distribution of Power, and to Electric Traction. 
In fact, progress in the development of the industrial 
applications of electricity has been so great in the past 
decade as to necessitate the remodelling of the latter half 
of the book. Throughout the book modem progress in 
construction and industrial application is described, and 
illustrated by many drawings. 



THE MACMILLAN COMPANY 

TnbliilMn 84-66 Fifth ATeav* Hew Tork 
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ELEMENTARY PRINCIPLES OF 

Electricity and Magnetism 

For ^denis in Engineering 

By ROBERT HARBISON HOUGH, Ph.D. 
Assistant Professor of Physics, University of Pennsylvania 

AND WALTER MARTINUS BOEHM, Ph.D. 
Instructor in Physics, University of Pennsylvania. 

Flexible doth, pocket she i2mo, 233 pp., $1.10 

Develops id logical order the more importH.nt numerical relations 
existing among the principal quantities employed in electricity and 
magnetism. No attempt is made to present any physical theory as 
to the ultimate nature of electricity and magnetism or any mechanism 
by which electric and magnelic changes take place. The relations 
are developed from definitions and elementary laws which are pur- 
posely stated in language free from the terms and conventions of 
any particular physical theory. Only those relations which are fun- 
damental to the design of the various machines and instruments 
used in engineering practice are developed. 

Problems are given to illustrate the use of formulx and to fix in 
the mind of the student the conditions to which they apply. 

This book may be effectively used in conjunction with a text on 
general physics or even with a general text on electricity and mag- 
netism. Its use in this manner is facilitated by its moderate price 
and by the attractive and yet compact form, of pocket size, in which 
it is printed. The book may also be used by all students who desire 
a thorough, concise and logical development of the quantitative re- 
lations as well as a clear statement of the premises upon which the 
derivations depend. Students of mathematical physics who wish to 
have rigorous demonstrations of these relations made easily acces- 
sible will also find this volume most serviceable. 



THE MACMILLAN COMPANY 

PQbUBlMn M-ea Fifth Avuum ]T«w Tork 
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Magnetism and Electricity for Students 

By H. E. HADLEY, B.Sc. (London) 

Associate of the Royal College of Science, London 



London, 1905. Latest reprint, 1912 

572 pp., izmo, $l.So 

A text-book for students who have made a begin- 
ning in the subject. The theoretical considerations 
are carefully explained and illustrated by the workings 
of practical instruments wherever possible; and the 
book is very well designed for students intending to 
pursue a course in Engineering. Calculus is not 
essential. 

In type and binding, general scope and grade of 
difficulty, this volume is similar to Edser's books on 
Heat, Light, and General Physics. 



THE MACMILLAN COMPANY 

Pnblldwn S4-ee Tiftli Atmiu Vvw York 
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Alternating Currents and 
Alternating Current Machinery 

HEW EDITION, KEWRITTEN AND ENLARGED 

Bv DUGALD C, JACKSON, C.E. 

Profeasor of Electrical Engineering, Massachusetts Instittjte of Technology 



JOHN PRICE JACKSON, M.E., Sc.D. 

Formerly Professor of Electrical Engineering in the Pennsylvania Stale College 

CVd/A, Svi>, g68 pages, ftj.jo 

In this edition are maintained the well-known features of the earlier 
book in which were worked out the characteristics of eleciric circuits, 
their self-induction, electrostatic capacity, reactance and impedance, and 
the solutions of alternating current flow in electric circuits in series and 
parallel. More attention is paid to tlie transient state in electric circuits 
than was the case in the original edition. A considerable amount of 
related matter has been introduced iu respect to vectors, complex quan- 
tities, and Fourier's series which the authors believe will be useful to 
students and engineers. The treatment of power and power &.ctor has 
been given great attention, and a full chapter is now allotted to the hys- 
teresis and eddy current losses which are developed in the iron cores 
of electrical machinery. More space and more complete treatment have 
been assigned to synchronous machines and to asynchronous motors 
and generators. The treatment of the self. inductance and mutual in- 
ductance of line circuits and skin effect in electric conductors which 
was found in the old book has been extended, and it has been supple- 
mented by a treatment of the electrostatic capacity of lines and the in- 
fluences of distributed resistance, inductance, and capacity. 



THE MACMILLAN COMPANY 

PnblitlMrs 64-66 fifth ATtiine Vev Tork 
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